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Eu)(ocpiaTL£<; 



H Tiapouoa 8i8axTopix/| 8iaTpip/| exrcovyydrjxe oto Tevixo T[ir|[ia tou naveniaTrjjiiou Ilot- 
xpcov afio tov Iouvio tou 2005 ecoc; tov EetitejiPpio tou 2010 [ie ETiipXsTiovTa tov Kau7]y/]Tr| 
tou Tevixou T[ir][iaToc; KcovaTavTivo ScpeTao xai paaiCeTai otic; axoXouuec; 8/][iooieuo£ic; 
[1, 2, 3, 4]. Eto Ttapandvco xpovixo 8idoTT][ia epydoTTjxa zmorf, xai ae au[i[iCTpiec; 8uio[iou 
ae uecopiec; )(op8cov tou oSr|yr]aav ae Tpeic; 8r][iooi£Uoeic; [5, 6, 7]. Autsc; 8ev evTaaaovTai 
oto avTixeijisvo auTT]c; tt]c; 8i8axTopix/|c; 8iaTpipr|c;. Ga rftzXa va EU)(apiaTr|aco tov Kau/]- 
yr\Tf\ KtovoTavTivo EcpeTao yia t/]v UTioaTrjpil!;/] xai xauo8r|yT]ar| tou xcrud t/]v 8idpxeia tou 
8i8axTopixou otcoc; xai xaTa t/]v 8idpxeia tt\c, cpoiTTjorjc; [iou oto 8iet£c;, [i£TanTU)(iax6 upo- 
ypa[i[ia tou $uaixou T^i/|[iaToc; tou IIaveniaTr][iiou IlaTpcov (EeircePpioc; 2003-Mdioc; 2005). 
H UTi6aTr]pi^r] tou UTir]p^e ajiepiaTr] aTa TiXaiaia tt]Q E7tiaTr][iovixr]c; auvepyaoiac; aXXd xai 
tt]Q yevixoTeprjc; emxoivcoviac; xai au[i7iapdaTaaT]c;. 

Eu)(apiaTco tov Kai}rjyrp:r| Icodvvr] Mjidxa yia tt]v xauo8r|yT]oT] tou xaTa t/]v 8idpxeia tcov 
otiouScov [iou oto <E>uaix6 T[i/][ia tou IlavEniaTrpou IlaTpcov. Oi ocpeiXec; [iou ot/]v BiaTpip/] 
otmf] au[iTcepiXa[ipdvouv xai touc; Kau7]y/]T£c;: Mdpio IleTpoTiouXo tt]Q Ecole Polytechnique 
Paris, Tecopyio ilauaBoTtouXo tou Maur][iaTixou T^ir|[iaToc; tou King's College London xai 
KcovaTavTivo Mna)(d tt]Q Ecole Normale Superieure Paris yia UTioaTr]pi^r] touc; xai tioX- 
Xec; xprpi[i£c; auCrp:r|Geic; ae $uaix/|. EMor\c, £U)(apiaTC0 touc; ii^uvovtec; tou Maur^aTixou 
T[ir][iaToc; tou King's College London, xai t/]<; Ecole Polytechnique Paris yia tpiXoc;£VEia 
xai yia oixovojiixr] unoaTr|pic;r] xaTa to Tipano e^d[ir]vo tou 2008. Euyxexpijieva Ta eupto- 
naixd Tip6ypa[i[iaTa " Constituents, Fundamental Forces and Symmetries of the Universe" 
\iz au^oXaio MRTN-CT-2004-005104 xai "European Superstring Theory Network" [xz 
au^oXaio MCFH-2004-512194. 

Eijiai euyva)[icov oto Topujia KpaTixcov YnoTpocpicov (IKT) yia t/]v oixovo^ixr] Evfo/uar) 
tou [iou 7iapei)(£ xaTa tt]v exuovrjar] t/]c; 8i8axTopixr]c; [iou 8iaTpip/]c;, NoejiPpioc; 2005 - A- 
TipiXioc; 2009. 

TeXo; eu)(apiaTco touc; [i£Ta8i8axTopixouc; epeuvT]T£c; Efiupo Appdji/] xai A/][ir|Tpio Zcodxo 
xaucoc; xai touc; 8i8axTopixouc; cpoiTTjTEc; EteXio AXec;av8pr] xai NixoXao Kapabxo, yia tt]v 
auvepyaaia touc; xaucoc; xai touc; yoveic; [iou, tt]v a8eptpr] [iou xai touc; tpiXouc; [iou yia tt]v 
U7ioaTT]pic;r] touc; xaTa t/]v Sidpxeia exuovrjorjc; tt]c; 8iaTpip/]c;. 

Ildzpa, Eenzepflpio^ 2010 
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npoXoyoc; 



H ecoc; xcopa [iixpoaxoiux/] xepiypatpr] x/]c; 6X/]c; xai rj onoia e)(ei exipepaicoiM xai xeipajia- 
xixd eivai [ieaco x/]c; xpavxix/|c; ^ecopiac; xe8iou. Ta axoixeico8r] aco[iax£8ia eivai ar][ieiaxd, 
aXXr]Xen:i8pouv xoxixd [ie dXXa aco[iaxi8ia xai eivai 8ieyepaeic; xdxoiou xe8iou. Ilapoxi, aux/| 
xepiypdtpei [ie [ieydX/] axpipeia xr) tpuar] axic; evepyeiec; /] axic; axoaxdaeic; xou [ieXexoujie, 
uxdpxouv evBei^eic; yia vea axoixeia ae [ieyaXuxepec; evepyeiec; ([iixpoxepec; axoaxdaeic;) t- 
coc; xai x/]v xai;/] [ieyei^ouc; x/]c; [idCac; Plank. O Xoyoc; eivai oxi yia auxec; xic; axoaxdaeic; 
(r\ evepyeiec;) r\ xpdvxcoar] x/]c; papux/]xac; eivai anapaixrycr). Qotooo, r\ xXaaixr] papuxrj- 
xa 8ev eivai 8uvax6v va xpavxcoi&ei [ie xic; ouvrf&eic, Siaxapaxxixec; [iei}68ouc;, 816x1 eivai \ir\ 
exavaxavovixoxoir|ai[ir]. H xpdvxcoar] tt]Q papuxrpac; [ixopei va exixeux^ei i^ecopcovxac; oxi 
xa T&e^eXicoBr] avxixei[ieva 8ev eivai xa a/][ieiaxd aco[iax£8ia, aXXd [iovo8idaxaxa avxixei[ieva, 
Xop8ec;. Oi )(op8ec; auxec; [ixopouv va xaXavxcovovxai xai va xepiaxpecpovxai, auvexcoc; e)(ouv 
eva tpdajia evepyeicov xai axpotpopjir]. Oi xaXavxeuojievec; auxec; ^opMc, eivai evxoxia^evec;, 
xai yia [iixpec; evepyeiec; [ixopouv va $ecop/]i}ouv coc; aco[iaxi8iaxec; Bieyepaeic;. Euvexcoc;, [iia 
XopBr] xou xaXavxcovexai [ixopei va aujixepitpepexai coc; Bidcpopa aco[iax£8ia, avdXoya [ie xov 
xpoxo xaXdvxcoa/]<; axov oxoio Ppiaxexai. Sxo tpdajia tt]Q xepie^ei eva acojidxio [ie [i/]8evixr| 
[idCa xai iBioaxpocpopji/] 8uo, xo papuxovio, cpopea xcov papuxixcov aXXr]Xexi8pdaecov. Axo 
xr]v 8o[ir] xr]<; xai x/]v axaixrpr] va xepiypdtpei xai tpepjiiovixec; 8ieyepoeic;, o8/]you[iaaxe ae 
eva 8exa8idaxaxo X"P° xat ox/]v uxapi;/] uxepau[i[iexpiac; [8]. £xr]v auvexeia $ecopou[ie xr] 
$ecopia )(op8cov ae X"P° Tr ] ( ? ^°P?^ l^ 3,1 x ^ ■> otiod o X"P°c; M 6 eivai [iia ec;a8idaxax/] 
au[ixayr|c; xoXXaxXoxrjxa, T] oxoia xai^opiCei xai xic; aXXr]Xexi8pdaeic; yia xa^Xec; evepyeiec;. 
Auxoc; 6[icoc;, 8ev r]xav o xpcoxapxixoc; Xoyoc; avdxxuc;r]c; xrjc; i&ecopiac; xop8cov. Etpeupe'drpce 
xr]v 8exaexia xou '60 coc; eva xpoxuxo xepiypacpr]c; yia xa [leaovia xai papuovia. Me xr]v i}e- 
copr]ar] auxr] [ixopoujie va xepiypd(|iou[ie xdxoia axo xa paaixd axoixeia xou tpdajiaxoc; xcov 
a8povicov. IIapa8eiy[iaxoc; x^P tv > ^ ^dCa xou eXatppoxepou a8poviou yia 8e8o[iev/] i8ioaxpo- 
tpopjir] axoXoui}ei xic; xpoxiec; Regge, m 2 ~ Ts 2 + axai^epd, oxou m r\ [idCa xrf yppbrf, T 
r] xdar] xr]c; xai s r] i8ioaxpocpop[ir| xrjc;. Apyoxepa Ppei}/]xe oxi xa a8povia axoxeXouvxai axo 
xoudpx xai r] xepiypatpr] xouc; Sivexai [ieoa axo xr]v xpavxixr] xp^oBuvajiixr] (QCD) xai /] 
i}ecopia xopBcov exacjje va i^ecopeixai xpoxuxo xepiypatpr]c; xcov aBpovicov. 
H QCD eivai [iia i^ecopia pai}[ii8ac; [ie o[id8a au[i[iexpiac; SU(3), r] oxoia avxiaxoixei axo 
yeyovoc; oxi xa xoudpx exouv xpia xp"[^a™- H QCD eivai exiar]c; aau[ixxcoxixd eXeui^epr] 
[9], 8r]Xa8r] r] axai}epd Ceu^r]c; eivai [iixpr] yia [ieydXec; evepyeiec;. Tia x^^Xec; evepyeiec; 
eivai laxupd auCeuy[ievr] xai xaxd auvexeia 8ev [ixopoujie va ecpapjioaoujie xic; yvcoaxec; 
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BiaTapaxTixec; [iei}68ouc;. Aut/| eivai xai r\ arria yia t/]v 07101a 8ev 7iapaT/]pou[ie eXeu^epa 
xoudpx Tiapd [iovo evToc; 8ea[iicov xaTaaTaaecov. H ^leXexr] tt\q yia [iixpec; evepyeiec; yiveTai 
^ieaco apid[ir)Tixcov Ttpoaojioicoaecov axo TtXeyjia. OecopdbvTac; oti r] o[id8a au^ijieTpiac; r\Tav 
r) SU(N), r] "decopia anXonoieiTai ato opio tou [ieydXou apid^iou )(pco[idTcov A" oncoc; itpoTa- 
r dr\xe ajio tov 't Hooft [10], xai [iTiopei va TipoaeyyiaTei afio [iia eXeui}epr] i^ecopia xXeiaTcov 
)(op8cov, xr]c; OTioiac; r] aTcrdepd (^e\)^r\c, eivai to 1/A. To opio auTO e<;r]yei to Xoyo yia tov 
onoio r] Netopia )(op8cov eBive t/]v avajievojievr] e^dpTrjar] [iETa^u [idCac; xai aTpocpop[i/|c; yia 
Ta aSpovia. To opio tou 't Hooft ojicoc; eivai tioXu mo yevixo xai auvBeei Bidcpopa ei8r] i}eco- 
picov tieBiou xai Bidtpopec; i}ecopiec; )(op8cov. AvTixeijievo auTT]c; t/]c; 8iaTpipr|c; eivai r] [ieXeTT] 
tt]Q avTiaToiylac; [iSTa^u i}ecopicov pai}[ii8ac; xai i}ecopicov )(op8cov xai 01 etpapjioyec; amf]c,. 
Uio cuyxexpijieva, /] i}ecopia )(op8cov ae xdnoia U7i6pai}pa eivai 8uix/| ae [iia $ecopia 7ie8iou. 
To ap)(£TUTio auTT]c; tt]Q avuaioiydac, eivai r] avaXoyia [iETa^u tt]<; A/" = 4 SYM [11] xai tt]Q 
IIB 8exa8idaTaT/]c; U7iepPapuT/]Tac; ae evav X"P° ^-Ss x S 5 [12] (yia [iia eiaaycoyr] 8en:e tt]v 
[13]). 

'Eva ano Ta (3aaixd ar]\ida tT]C, 8iaTpip/|c; auTr|c; eivai /] etpapjioyr] tt]c; avTiaToi)(iac; AdS/CFT 
xai tcov yevixeuaecov auTr|c; yia tt]v [ieXeTT] 8ea[iicov xaTaaTaaecov tt]c; 8uix/|c; ^ecopiac; Tte- 
8iou, otcoc; [ieaovia, 8u6via xai papuovia. Sto TiXaiaio amf]Q tt]Q avaXoyiac; [inopoujie va 
xaTaaxeudaou^ie 8ea[iiec; xaTaaTaaeic; xoudpx ot/]v $ecopia pai}[ii8ac; xai va UTCoXoyiaou[ie 
to 8uva[iix6 aXXrjXeiuSpaar]c;. Tia Tiapd8eiy[ia, ott]v i}ecopia TieBiou to 8uva[iix6 aXXrjXeiu- 
8paa/]c; evoc; [leaoviou BiveTai aiio t/]v avajievo^ievr] Ti[ir] evoc; opi}oycoviou Ppo^ou Wilson 
\ie [iia ^pixf] xai [iia xpovix/| axjar]. Stt] papuTT]Ta r] [iear] Tijar] tou Ppo^ou Wilson 8iveTai 
afio tt]v eXaxiaTOTioirjar] TTjc; 8pdar]c; Nambu-Goto \xiac, )(op8r]c; tou TaXavTeueTai oto 8uix6 
PapuTixo UTi6pai}po xai tt]Q OTioiac; Ta dxpa PpiaxovTai otic; 8uo ^pixec, axjiec; tou Ppo^ou 
Wilson, exei uou PpiaxovTai Ta xoudpx. AvTiaToi)(ec; xaTaaxeuec; [ieaco xXaaixcov Xuaecov 
[iTiopouv va yivouv yia tov UTioXoyio[i6 tcov 8ea[iicov xaTaaTaaecov 8uovicov xai papuovicov. O 
unoXoyiajioc; tcov evepyeicov 8ea[iicov xaTaaTaaecov oto TiXaiaio tt\c, avTiaToi)(iac; AdS/CFT 
o8r]yei au)(vd ae aujifiepicpopec; oi onoiec; Siacpepouv afio to auTec; tou avajievoujie an' t/]v 
i^ecopia TieBiou. Tia va arco[iovcoaou[ie tic; tpuaixcoc; evBiacpepouaec; aujiTiepicpopec;, i}a npefiei 
va e$eTdaou[ie t/]v euaTai^eia tcov Xuaecov )(op8cov oi oiioiec; eivai Buixec; ae auTec; tic; Beajiiec; 
xaTaaTaaeic; tcov xoudpx. H avdXuar] amr] "Qa aTTjpix'&Ei ot/]v [ieXeTr] tcov [iixpcov Biaxujid- 
vaecov nepi tt]v xXaaix/] Xuar]. 0a a7io8eic;ou[ie yevixd "OecoprniaTa tou a)(eTiCovTai [ie t/]v 
BiaTapaxTixr] euaTa-deia tcov Xuaecov auTcov xai i}a ecpap[i6aou[ie Ta aTioTeXeajiaTa [iac; ae 
Bidtpopa UTt6pai}pa xai yia Ta Tpia ei8r] 8ea[iicov xaTaaTaaecov tou Tiepiypdcpouv, [ieaovia, 
Buovia xai papuovia. Se oXec; tic; TiepmTcoaeic;, oi TipopXr][iaTixec; 7iepio)(ec; xai aujiTiepicpopec; 
eivai aaTai}eic; xai xaTa auveneia avTiaTOi)(ouv ae tpuaixcoc; aBidcpopec; Tiepioxec;- 
H BiaTpip/] amr\ opyavcoveTai coc; zE,r\c,: Eto npcoTO [iepoc;, i}a 8coaou[ie xdrcoiec; eiaaycoyixec; 
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evvoiec; aTiapaiT/pec; yia t/]v [ieXex/] [iac;, oncoc; [iia avaax6irr]ar] a tic; decopiec; Tie8iou pai}[ii8ac; 
yia [ieydXo N, tt]v au[i[ioptp/] aujijiexpia xai touc; y^povc, AdS, oticoc; xai t/]v 8iaTUncoar] 
t/]c; avaXoyiac; AdS/CFT. Eto Beuxepo [iepoc;, ■da auvo(|)iaou[ie xa aTiOTeXeajiaTa tcov e- 
pyaaicov [iac; [1, 2] yia t/]v Tiepiincoar] tcov [ieaovitov. EuyxexpijiEva 'da [ieXeTr|aou|ie tic; 
xXaaixec; Xuaeic; auTtov xai da ec;eTaaou[ie t/]v euaTadeia auTtov tcov Xuaecov otiou auxo 
xpivexai aTiapaiT/]TO, aTio8eixvuovTac; Sidcpopa r dewpr][iaTa tiou a^ETiCovxai [ie t/]v euaTadeia 
auTcov. Ett]v auve)(eia da etpap[i6aou[ie ta anoTeXeajiaTa [iac; ae Bidcpopa cpuaixax; evBiatpe- 
povxa TiapaBeiyjiaxa xai da Bei^oujic oti xa aTioTeXeajiaTa [iac; eivai ae TiX/|pr] au[icptovia [ie 
xa ava[iev6[ieva anoTeXeajiaTa aTio t/]v decopia TieBiou. Eto xpixo [iepoc;, da auvo(j)iaou[ie xa 
aiioTeXea[iaTa tt]Q epyaaiac; [iac; [3] yia t/]v TiepiTiTcoar] tcov Buovicov. Euyxexpi[ieva, da xa- 
Taaxeudaoujie Buovia evToc; t/]c; AdS/CFT xai da [ieXeTrpoujie t/]v euaTadeia tcov Xuaecov 
otiou auxr] xpivexai anapaiTrycir). 0a 8ei£ou[ie oti xa anoTeXeajiaTa ano tt]v avdXuar] t/]c; eu- 
aTadeiac; tcov xXaaixcov Xuaecov Biatpepouv ano auxo tiou oSrjyeixai xaveic; aT/]piC6[ievoc; ae 
evepyeiaxd eTii)(eipr|[iaTa. TeXoc; axo Texapxo [iepoc;, da auvo(|»iaou[ie xa aTioTeXea^axa tt]Q 
epyaaiac; [iac; [4] yia t/]v Tiepiincoar] tcov papuovicov. 0a [ieXeir|aou[ie t/]v xaxaaxeu/] tcov 
(3apuovicov evxoc; tt]Q avuaioiydac, AdS/CFT xai da 8eic;ou[ie oti [iTtopoujie va xaxaaxeud- 
aou[ie 8ea[iiec; xaxaaxdaeic; [ie iikrj&oc, xoudpx [iixpoxepo tou iV, otiou iV o apidjioc; tcov 
Xpcojidxcov. Auto ep^exai ae avTidear] [ie xa TipoaBoxcojieva aTioTeXea^iaxa an' t/]v decopia 
TieBiou aXXd oticoc; da 8eic;ou[ie oti r] avdXuar] tt]Q euaTadeiac; |3eXTicovei to xXaaixo cppdyjia. 
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Mepog I 
Eiaaycoyixeg evvoiec; 



Kecp&Xouo 1 



OetopLsc; (3oci&[jii8oc<; yioc [isyaXo N cog 
"dec^piEC, )(op8cov 

£e auTO to xecpdXaio $a auvo<jjiaou[ie [lepixd paaixd GToi)(eia tiou acpopouv air] auv8ear] 
tcov $ecopicov Tie8iou ((3ocd^i8a<;) xai tcov i}ecopicov xXeiaTcov )(op8cov. 

H auv8ear] tcov i}ecopicov )(op8cov xai $ecopicov pai}[ii8ac; eivai eva ev8iacpepov avTixeijievo 
epeuvac; yia TiepiaaoTepo afio aapdvTa xpovia. H $ecopia )(op8cov avanTU)($r]xe ap)(ixd coc; 
[iia uno(|»r](pia $ecopia yia trjv Tiepiypacpr] tcov ia)(upcov aXXr]XeTii8pdaecov, oticoc; o exXcopiajioc; 
tcov xoudpx xai 01 Tpo)(iec; Regge. ApyoTepa Ppei}r]xe ticoc; r] Tiepiypacpr] tcov ia)(upcov aXXr]- 
Xeni8pdaecov Bivexai [iecco [iiac; ^ecopiac; pai}[i£8ac; £17(3) (QCD), r] OTioia eivai auveTir]c; [ie 
6Xa xa TieipajiaTixd 8e8o[ieva ecoc; ar\\iepa. IlapoXa auxd, evco 01 i}ecopiec; pai}[ii8ac; 8ivouv 
[iia tioXu xaXr] Tiepiypacpr] tcov ia)(upcov aXXr]XeTii8pdaecov ae ucpr]Xec; evepyeiec;, eivai tioXu 
8uoxoXo va [ieXexr]aou[jie cpaivojieva ae )(a[ir]Xec; evepyeiec; oticoc; o eyxXcopiajioc; tcov xoudpx 
xai to aTidaijio tt]Q y[eipakixf]Q aujijieTpiac;. 

Ta TeXeuTaia xpovia e)(ouv Ppei^ei TioXXd Tiapa8eiy[iaTa evoc; cpaivojievou to otioio eivai yvco- 
oto coc; 8uia[i6c;, au^icpcova [ie tov otioio [iia $ecopia iyei TouXd)(ioTov aupiXrjpcofiaTixec; Ttepi- 
ypacpec;, oticoc; yia Tiapd8eiy[ia oto aai}evec; xai oto loyypo opio Ccu^rjc; oticoc; Tipoavacpepajie. 
TTidpxouv apxeTec; ev8ei£eic; oti [iia TeToia 8uixf] Tiepiypacpr] tcov ia)(upcov aXXr]XeTii8pdaecov 
ae x^^Xec; evepyeiec; otiou e^oujie icyypf] Ceuc^r] tcov $ecopicov pa-djiiBac;, [inopei va eivai r] 
i^ecopia )(op8cov. Euyxexpijieva aTr]v QCD UTidp)(ouv avTixeijieva Tiapejicpepr] tcov )(op8cov 
oncoc; 01 ypa[i[iec; pof]Q r] ypa[i[iec; Wilson. 'Av TipoaTiai}r]aou[ie va )(copiaou[ie eva Ceuyoc; 
xoudpx xai avTixoudpx, ^iia ypa^r] pof]c, -Qa Br^ioupyrpiki \xeja^j auTcov tcov 860. Oi ypa- 
\i\iec, pof]c, au^iTiepicpepovTai oticoc; 01 )(op8ec; xai e^ouv yivei apxeTec; TipoaTidi^eiec; coaTe va 
ypd(|iou[ie [iia i}ecopia )(op8cov tiou va nepiypdcpei tic; la^upec; aXXr]XeTii8pdaeic; xai aTr]v onoia 
01 ypa[i[iec; pofjc; i}a eivai Ta paaixd avTixeijieva. Eivai Tipocpavec; oti auTr] r] Tiepiypacpr] e)(ei 
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apxexd evBiatpepouaec; cpaivojievoXoyixec; etpapjioyec;. H tuo c;exdi}apr] evBei^r] eivai oti r) 
wecopia f3ai}[ii8ac; [inopei va Tiepiypaopei coc; i}ecopia )(op8cov yia [ieydXo TV, to opio 't Hooft 
[10], to ottoio axoXouwcoc; $a Tiepiypdcjjoujie. Mia TeTpaBidaTaTT] SU(N) i}ecopia pai}[ii8ac; 
Yang-Mills e)(ei, Tiepa coio t/]v aBidaTaT/] aTawepd Ceuc;r]c; g YM (xai t/]v avTiaToi)(7] xXijiaxa 
tt]c; QCD Aqc/)), [iia eTUTipocrdeTT] TiapdjiETpo, tiou eivai o apidjioc; tcov xpcojidTcov, TV. 0e- 
Xoujie va xaTavor]aou[ie ticoc; aujiTiepicpepeTai r] aTai}epd Ceu^r]c; oto opio tcov [leydXcov TV. 
H auvdpT7]ar] p/]Ta yia tt]v S 1 ?/^) "decopia Yang-Mills unoXoyicn^rpce ot/]v epyaaia [9]. Evco 
OTTjv TcepiTiTcoar] tou SU(N) (Beits yia TiapdBeiyjia tic; [14, 15]) eivai 

dg YM _ 11 g YM 5 

onou £)(ou^e i}ecop/]aei oti o apii}[ioc; xpcojiaTcov TV eivai tioXu jieyaXuTepoc; api$[i6 yeuoecov 
TV/. IIapaTT]pou[i£ oti r\ aTai}epd Z,z\Sirf eivai [iia tpwivouaa auvdpT/]OT] t/]c; xXijiaxac; xaTi 
to OTiob ep[ir]veueTai coc; oti r\ wecopia eivai aaujiTiTCOTixd eXeu'dep/] oto opio tcov [ieydXcov 
evepyeicov. Muopoujie va Ppoujie eva xaTaXXrjXo opio anaiTcovTac; oti oi xupiap)(oi opoi eivai 
Tf]c, iBiac; Tac;ecoc;. Auto [iac; UTioBeixvuei oti o auv8uaa[i6c; 

\ = 9 YM N, (1.2) 

upeTcei va eivai TieTTepaa^ievoc; xawcoc; to TV — > oo. Auto eivai yvcoaTO coc; opio tou 't Hooft 
xai to A ovojidCeTai aTawepd Z,z\jExf, 't Hooft. AvTixawiaTCOVTac; t/]v Ec;. (1.2) ot/]v Ec;. 
(1.1) PpbxoujiE t/]v auvdpTTjor] p/]Ta yia t/]v aTawepd o\Z,z\SE,rf A 

^ = -^ A * + °W- (L3 > 

A^iCei va avatpepoujie oti r\ E£.(1.3), ia)(6£i xai ot/]v TiepiTiTcoar] UTtapc;r]c; xaTaXXrjXou api- 
i}[iou dXXcov aco^iaTiBicov nepa tcov yxXouovicov tt]c; Yang-Mills, oticoc; tpepjiiovicov f\ pai}[ico- 
tcov TieBicov. Av r\ wecopia eivai au[i[ioptpr] oticoc; r\ M — 4 Super- Yang-Mills totc uitdp)(ouv 
xi dXXa opia nepa tou TieTiepaajievou A, oticoc; to A — > oo Ta OTioia eivai BuvaTa. 
H -decopia 8iaTapax"v yia [ieydXo TV xai r) auvBear] tt]c; jae [iia wecopia pai}[ii8ac; eivai )(apa- 
XTTjpiaTixo xdwe yevixr] wecopiac; tt]Q onoiac, ia TieBia [ieTaaxrjjiaTiCovTai ott]v TipoaapTTj^evr] 
(adjoint) avaTiapdaTaar] tt]Q SU(N). H TeXeuTaia e^ei TieBia X", otou to a ax^TiCeTai \ie 
tt]v TipoaapTr][ievr] avaTiapdaTaar] tt]Q SU(N) xai to i Tiepiypdcpei t/]v TauTOT7]Ta tou aco- 
[iaTiBiou (8eiXT/]c; Lorentz f\ spin r\ yeuar], x.X.ti.). S)(r][iaTixd r) AayxpavCiavr] auTcov tcov 
TieBicov eivai tt]Q [iopcpr]c; 



C ~ Tr [ciX.ciXi + glrMdijuXiXjXkXil , (1.4) 
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onou dijki axa^epd. Kavovixonoicovxac; xa Tie8ia gyuXi = Xi, r\ AayxpavCiavr] ypdcpexai 
toe; 

JV ~ ~ .... 
C ~ -TrldXdX, + di m XiXjX k Xi\ , (1.5) 

onou r] TiXr]pr]c; e£dpxT]ar| ano x/]v axai}epd Ceu^r]c; ejicpaviCexai coc; axai}epd avaXoyiac; axrjv 
§p&ar). Ta 8iaypd[i^iaxa Feynman xrjc; ^ecopiac; aux/jc; ypdcpovxai [ae au[ipoXia[i6 8inXr|c; 
Ypa\i[ir\c,, axov otioio xa Tie8ia X a tiou [iexaa)(r|[iaxiCovxai ax/]v TipoaapxT][ievr| avaTiapdaxaar] 
aujipoXiCovxai coc; eva eui}u yivojievo evoc; $e[ieXico8ouc; xai evoc; avxi-i}e[ieXico8ouc; TieBiou 
txeBiou, Xj. Oi BiaSoxec; auxcov xcov SU(N) tieSicov e)(ouv evav opo avd[ieic;r|c; o otioioc; eivai 
8i6pi}toar] as Tipcoxr] xdc;r]c; coc; npoc; 1/iV, 816x1 

(X}X?) - ± {5\5{ - 1^4) • (1.6) 

Exo opio xcov [ieydXcov AT [iTiopoujie va a[ieXr|aou[ie auxov xov opo. Via auxo xd-de 8idypa[i[ia 
Feynman xcov Tipoaapxrj^evcov tieBicov [iTtopei va ypacpei xat [iEaco BitiXcov ypajijiobv. £e evav 
xexoio au[ipoXia[i6 xdi}e 8idypa[i[ia avxiaxoi)(ei ae [iia xXeiaxf] TipoaavaxoXia^ievr] 8i8idaxaxr] 
enicpdveia. 1 Kdi}e Pp6)(oc; eivai [iia eBpa xrjc; eTucpdveiac; ae [iia aTioauvap[ioX6yr]ar] xrjc;, xdi}e 
8ia86xr]c; eivai [iia axjar] avxiaxoi)(a, xai xdi}e xojipoc; aXXr|XeTu8paar]c; eivai [iia xopucpr] xrjc; 
enicpdveiac;. H enicpdveia yivexai au[iTiayr|c; av npoai}eaou[ie axo X"P° I 1 *? ^ va cnrj^eio axo 
dfieipo. Tia va UTtoXoyiaoujie xouc; napdyovxec; N xai A tiou auv8eovxai [ae xdi}e 8idypa[i[ia, 
7tapaTT]pou[ie 6x1 ano xr] [iopepr] tt\q EE,. (1.5) yia xd$e xojipo e)(ou[ie evav napdyovxa 
avdXoyo tou AT/A, evco 01 8ia86xec; eivai avdXoyoi xou A/A". EniTiXeov Buvdjieic; xou AT 
npoxunxouv ano d^poiar] Beixxcov axouc; Pp6)(ouc;, 01 otioioi Bivouv evav napdyovxa AT ae 
xdi}e Pp6)(o(xdi}e Beixxrjc; e^ei AT Buvaxec; xi^iec, axr] i&ejieXicoBr] avaTiapdaxaar]). Onoxe, eva 
8idypa[i[ia [ae If xojipouc; (xopucpec;), A 8ia86xec; (axjiec;) xai E Pp6)(ouc; (eBpec;) ey_si evav 
auvxeXeaxr] avdXoyo xou 

onou x — K + E — A Eivai o apii}[i6c; Euler xr]c; BiBidaxaxrjc; eTiicpaveiac; tiou avxiaxoi)(ei axo 
8idypa[i[ia. Tia [iia xXeiaxr] TipoaavaxoXiajievr] eixicpdveia, x — 2 — 2g, onou (? xo yevoc; xr]c; 
eTiicpdveiac;.ria Tiapd8eiy[ia r\ acpaipa e^ei (? = xai o xopo; e^ei (? = 1. 

1 H UKap^T) tou TipoaavaxoXia^tou axET^Exoa [ie to yey ovo< ; ° Tl TO xoudpx xai to avTixoudpx ^eTaax^oc- 
Ti^ovTai ae 8iacpop£Tixe<; avcx7capaaxaae:i<; Tf)c, SU(N). 'Av ojiwc, i) o[id8a au^i[ieTpia<; r]Tav r) SO(N), aT/]v 
07101a to xoudpx xai avTixoudpx jjiexaaxTj^axiCovTCXi ott]v 181a avaKapdaTaar], $a [iKopouaa^ie va e/ou^e xai 
[Li] KpoaavaToXiajisvet; emcpdvsiet;, yia 7iapd8£iY[ia to [lkodx&Ki tou Klein. 
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Y,yr\[ia 1.1: Aiaypd[i[iaTa axr]v Netopia 7ie8iou [ie 7ie8ia axr]v 7tpoaapTT][ievT] avcotapdaxaar] 
[ie to au[ipoXio[i6 xr]c; 8i7iX/|c; ypa[i[ir|c;. To (a) 8idypa[i[ia Eivai emiteSo xai xd^ecoc; \ 2 N 2 , 
evco to 8idypa[i[ia ((3) eivai xd^ecoc; A 2 . Tid Ttenepaajievo AT xa 8iaypd[i[iaTa eivai iaopapr|. 

Otiote, xdi}e Biaxapaxxixr] aeipd evoc; OTioiou8r|7ioTe 8iaypd[i[iaToc; xr]Q i}ecopiac; auxr]<; [iitopei 
va ypacpei crav eva 8mX6 avdnTuy[ia yia [ieydXo JV, (xai [iixpo A) coc; e£r|c;: 



^iV 2 - 2 ^ c ^ = ^iV 2 - 2 %(A). (1.8) 

<y=0 i=0 <?=0 

Eto opio tcov [ieydXcov AT to aTioTeXeajia e)(ei coc; xupiap^o opo eiucpdveiec; [ie [ieydXo x ^ 
[iixpo g, oi otioiec; eivai emcpdveiec; [ie t/]v ToitoXoyia tt]<; acpaipac;. Auxd xa Siaypdjijiaxa 
ovojidCovxai emiteSa 8iaypd[i[iaTa 8i6ti rj acpaipa eivai xonoXoyixd iao80va[ir] [ie eva enme- 
8o. H [iopcpr] tou avanTuy[iaTO<; E£.(1.8) Eivai avdXoyr] [ie to avTiGTOi)(o avdnTuyjia axr]v 
8iaxapaxTixr] Netopia tcov 7ipoaavaToXia[ievcov xXeiatcov )(op8cov, av $ecopr|aou[ie to 1/AT 
coc; xr]v axai}epd C^u^rjc; tt]<; xop8r|<;. H avaXoyia tt]<; E£.(1.8) [ie tt]v 8iaxapaxTixr] "decopia 
tcov )(op8cov eivai [iia ev8ei£r] oti oi ^ecopiec; 7ie8icov xai i^ecopiec; )(op8cov aua)(£"c(CovTai xai 
r] auv8ear] auxr] eivai tuo e[icpavr|c; axo opio tcov [ieydXcov AT otou r] 8uixr| $ecopia )(op8cov 
eivai oe aa-Qevr] ^e6^r). 'Ojicoc;, r) avaXoyia auxr] aTT]pi)(T:T]xe ae eiti)(eipr|[iaTa xa oitoia eivai 
|3aaia[ieva ae i}ecopia 8iaxapa)("v, xai r] OTioia ev yevei 8ev auyxXivei. 'Qq ex toutou xa 
TiapaTidvco e7ii)(eipr|[iaTa anoxeXouv anXcoc; [iia ev8ei£/] tou 8uia[iou xai afie)(ouv tioXu afio to 
va Ttkcoprydouv aitoSei^r). 'Oticoc; da 8o6[ie r\ AdS/CFT aT/piCeTai otov Tiapaitdvco 8uia[i6. 
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Kecp&Xouo 2 

Xcopot Anti-de-Sitter xou au^opcpec; 

Se auxo to xecpdXaio $ct auvo(|)iaou[i£ xa (3aaixd xapaxxrpiaxixd xou xcopou Anti-de-Sitter 
(AdS) xai xcov a6[i[iopcpcov i}ecopicov xeBiou. H yecojaexpia auxou tou xcopou ex et [■^Xexnydei 
exxevcoc; axrjv ikcopia )(op8cov xai eivai eva axo xa paaixd epyaXeia axr]v 8uix6x/]xa (duality) 
AdS/CFT. 

H xaxavorpr] [iiac; i^ecopiac; xeBiou ax/piCexai ae [leydXo pai}[i6 axr]v uxapc;/] au^qiexpicov, 
oxcoc; eivai 01 Lorentz xai Poincare. Mia evBiatpepouaa yevixeuar] x/]c; auji^iexpiac; Poincare 
eivai r] uxapc;/] aujijiexpiac; xdxco axo aXXayec; xXijiaxac;. 'Oxcoc; yia xapdBeiyjia, r] wecopia 
Maxwell ae xeaaepic; Biaaxdaeic; xai axouaia x/]ycov eivai avaXXoicoxr] ae xXaaixo exixeBo 
xdxco axo aXXayec; xXijiaxac;. 'O[icoc; r\ au[i[iexpia aux/j xauei va layyei ae xf3avxixo exixeBo, 
Xoyco uxapc;r]c; [iiac; evepyeiac; axoxox/|c;, r] oxoia eiadyexai yia Xoyouc; exavaxavovixoxoirprjc; 
tt]Q wecopiac;. Oi wecopiec; auxec; 6[icoc; eivai ev yevei avaXXoicoxec; xdxco axo xr]v xXrpr] 
a6[i[ioptpr] ojidBa, r] oxoia eivai yevixeuar] xr]c; ojidBac; aujijiexpiac; Poincare. 

2.1 H au^opcpr) o^jlocSoc 

H au[i[ioptpr] o[id8a eivai r] o[id8a xcov [iexaa)(r][iaxia[icov xou acprjvouv avaXXoicoxr] x/]v [iop- 
cpr] xr]c; [iexpixr|c; xepav xr]c; axoxxrjarjc; evoc; xapdyovxa xXijiaxac;, g^ u — >■ f2 2 (:r)g MI , oxou 
// = 0, . . . , d — 1. H au[i[ioptpr] o[id8a xou )(copou Minkowski au[ixepiXa[ipdvei xouc; \ieTaayj]- 
\xajia\xo\jc, Poincare, xr]v aXXayr] xXijiaxac; xai xouc; eiBixouc; aujijioptpouc; [iexaa)(r][iaxia[jiouc; 
avxiaxoi^a 

x» ->■ Ax" , 
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^ ->■ ^ « 5-? • 2.1 

Oi yevvr|Topec; tt]c; au[i[iopcpr]c; o[id8ac; eivai oi M M „ yia touc; [iExaa)(r)[iaTia[io6^ Lorentz 
xai tic; axpocpec;, P M yia touc; [ieTaa)(7][iaTia[iouc; [iexacpopdc;, P yia touc; [ieTaa)(T][iaTio^ouc; 
xXijiaxac; xai K p yia touc; eiBixouc; aujijiopcpouc; [ieTaa)(T][iaTio[iouc;. Oi yevvr|Topec; auxoi 
xXeivouv ot/]v au[i[iopcpr] dXye[3pa 

[M^, P p ] = -i(r} w P„ - r) vp P^)\ [M M>nu , ifp] = -i(r} w K„ - r] vp K^)\ 

[M^, M pa \ = - lt)w M w ± evaXXayec; [M^, P] = 0; [D, K p ] = iK^ (2.2) 

[D, Pj = -*P M ; [P M , tf n ] = 2iM^ - 2^„P . 

H dXyePpa auTr] eivai laojiopcp/] [ie tt]v dXye|3pa SO(d, 2)([ie uuoypacpr] (—,+,+,•••,+,—)) 
[ie yevvrp:opec; J a b (a, 6 = 0, 1 . . . , d + 1) tiou opiCovTai coc; 

■V = M^; J^ = -(X M -P^); J„(d+1) = i(P M + P M ); J (d+1)d = P . (2.3) 

Ac;i£ei va a/][ieicoaou[ie oti ot/]v eiSixr] TtepiTrccoar] tiou to d = 2- r) au[i[iopcpr] o[id8a eivai 
aneipoBidaTaa/]. 



2.2 X]xoL)(£Lto8£Lg i8iott)T£c; xtov )(toptov AdS 

'Eva ano Ta (3aaixd xapaxxrjpioTixd t/]c; SuixoxrjTac; AdS/CFT eivai r\ TauTonoirjor] tt]c, o[id- 
8ac; laojiexpiac; tou AdSd+i xai tt]c; au[i[iopcpr]c; au^qiexpiac; xou eTUTteBou x^pou Minkowski 
tjjM-i_ o xcopoc; AdS Bidaxaarjc; d + 1 [inopei va 7iapaaTai}ei coc; eva uxepPoXoeiBec; 



X 2 + Xj +1 -]Tx 2 = P 2 , (2.4) 

i=i 

ae eva emiteSo X"P° 8iaoxaor]c; d + 2 [ie \iejpixf] 

d 

ds 2 = _ dX 2 _ dX 2 +i + J- dX 2 . (2.5) 

1=1 

Ex xaxaaxeu/]c;, o X"P 0( ? «ut6c; e)(ei o[id8a laojieTpiac; SO(d,2), eivai o[ioyevr]c; xai laoxpo- 
tiixoc;. H e^iacoar] (2.4) [inopei va Xudei -OeTOVTac; 

X = R cosh p cos r , A rf+1 = P cosh p sin r , 

d 

Xi = RsinhpQi ,i = l,2...,d; ^Q 2 = 1 . (2.6) 

i=i 



AvTixa'diGTCovxac; tt]v E£.(2.6) axr)v E£.(2.5) Ppiaxoujie t/]v [iexpixr] tou Arf^+i 

ds 2 = R 2 (- cosh 2 pdr 2 + dp 2 + sinh 2 pdft 2 ) . (2.7) 

A^iCei va ar][ieicoaou[ie oti r\ TiapajiexpoTioirjar] tt]c; E£.(2.6) yia p > xai ^ r ^ 27r 
xaXuitTei 6Xo to UTiepPoXoeiBec; xai oi auvTeTayjievec; amec, Xeyovxai oXixec; (global). Ilepa 
afio t/]v Tiapa[ieTpoTtoir]ar] tt]c; Ec;.(2.6) tou AdS, U7idp)(£i eva dXXo auvoXo auvT£Tay[i£vcov 
(u,t,x) (u > 0,x G M d ) to otioio "da [lac; xpeiaaxei apyoTepa 

X = ^(l + w 2 ( J R 2 + f 2 -t 2 )) , X d+1 = Rut, 
2u 

Xi = RuXi , i = 1, . . . , <i — 1 , 

X d = ^{l-u 2 {R 2 -x 2 + t 2 )) . (2.8) 
2m 

Se auTec; tic; auvTExayjiEvec; xaXuTTOUjie to [iiao UTiepPoXoeiBec; E$.(2.4). AvTixai}iaTG)VTac; 
tic; auvTETayjiEVEc; cxutec; ott]v Ec;.(2.5), PpiaxoujiE [iia dXXr] ^lopcpr] TTjc; [iETpixrjc; tou y&pov 
AdS d+ i 

ds 2 = R 2 (^ + u 2 {-dt 2 + dx 2 )^j . (2.9) 

Oi auvTETay^iEVEc; (u,t,x), ovojidCovTai auvTETay^iEvsc; Poincare. St/]v [iopcpr] auTT| tt]Q 
^i£Tpixr]c;, oi UTioojidBEc; ISO(l,d— 1) xai 5*0(1, 1) t/]c; iao[iETpiac; S0(d,2) tt]c; apxixr|c; 
[i£Tpixr]c; Eivai ejacpavEic;, otiou ISO(l,d — 1) eivai oi Poincare [i£Taa)(r][iaTia[ioi oto (t, x) 
xai ^(l, 1) eivai: 

(u, t, £) ->■ (c _ y ct, cf), c> 0. (2.10) 

Ett]v AdS/CFT, r] au[i[i£Tpia auTT] avTiaTOi)(£i otov ie\eaif] xXijiaxac; L> tt]Q au[i[iopcpr]c; 
ojidBac; tou R 1 ^ -1 . O X"P 0( ? AdS afioTeXei Xuar] tcov ec;iacoaewv Einstein [ie apvrjTixr] 
xoa^ioXoyixr] aTai}epd. 
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Kecp&Xouo 3 
MsXocvsg Dp-Bpdvec; 



Se auTT]v t/]v £voT7]Ta ■doc avacpepoujie [ispixd axoi)(Sia yia tic; Dp-Ppdvec;. Oi Dp-ftpa\ec, 
sivai cpopxiajieva avTixeijieva coc; Tipoc; [iia p + 1 [iopcpr] (form) r] onoia E)(Ei eTuarjc; (pop-no 
BiaaTcXoviou xai evepyeia. 'Oticoc; -da 8o6[ie, to avTixeijisvo auTO [iitopsi va i}ecopr]i}ei coc; 
T][iixXaaixr] Xuar] t/]<; U7i£pPapuT7]Tac;. 

3.1 Auasig U7i£pj3ocpUTr]Tocg 

Tia va Ppo6[i£ Ta 7te8ia [ieydXrjc; ejipeXeiac; tcov D-Ppavcov xpaxd^E touc; opouc; 8uo Ttapayco- 
ycov t/]c; evcpyou (effective) Bpaarjc; tt]Q i}ecopiac; IIA/IIB oto auoTTj^a tt]c; )(op8/]c; (string 
frame) [16] 

onou ^ s Eivai to \ir}Xoc, tt]Q x o pS^C, to otoio auvBeeTai [is t/]v Taar] tt]Q x°pS^C (27r«') _1 
coc; a' = <? s xai F p+2 eivai o TavuoTr]<; ne8iou tt]c; p + 1 [iopcpr|c;, F p+2 = dC p+ \. 

Ano Xoyiajio [lETapoXcov yia t/]v 8pdar] (3.1) f3p[axou[ie oti 

V + a W = 5^(^-5^^). (3-2) 

d*F p+2 = 0, = 4(V$) 2 - 4D$ . 

0a UTioi}eaou[ie [iia [iopcpr] yia t/]v [isTpixr] oto auaTTj^ia iff yppbrf 
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-f(r)dt 2 + dx ■ dx /777T ( dr ' 2 i , n 2 \ 



otiou dfll_ p eivai to o"xoi)(eio axepedc; ycoviac; t/]c; [iova8iaiac; acpaipac; BidoTaorjc; (8— p). Oi 
auvT£Tay[iev£c; tou )(copo)(p6vou eivai i, x l , i = 1, 2, . . .p, xai eivai xdi}£T£c; axr]v auvTSTay- 
[isvr] r xai tic; auvTETayjievec; t/]c; acpaipac;. AuvovTac; tic; Ec;. (3.2) [ie t/]v [iopcpr] tt]c; Ec;. 
(3.3) Ppbxoujie oti to 8iaoTeX6vio laouTai [ie 



e 2$ = gtHf^l* , (3.4) 

otiou H p , f Eivai ap[iovixsc; auvapTr|aeic; axov eyxdpaio X"P°- napaxr]pou[iE eTiiarjc; oti to 
8iaaxEX6vio eivai aia-Qepo yia p = 3. Tia acpaipixd au[i[iexpixec; Xuoeic; s^ou^e oti 



^W = 1 + ^' /(r) = l-^, (3-5) 

otiou tic; e)(ou[ie vopjiaXiaei ot/]v [iovdBa OTav to r — > oo. H [iSTpixr] amr\, Eivai aaufiTiTCOTixd 
eniTieBr] oto dneipo tou eyxdpaiou )(copou, r — > oo. H i? — R [iopcpr] laouTai [ie 



C n2 .. A r)^l + p r M^l. ,3.6) 

'OXec; oi dXXec; auviaTcoaec; [i/]8eviCovTai, [ie e^aipear] t/]v eiBixr] Ttepuucoor] otiou p = 3 xai 
ot/]v OTioia r] auvi}/]xr] auTO-auCuyiac; 



ETXipdXei UTiap^r] [ir] [i/]8evixcov [lopcptov otic; eyxdpaiec; 8ieui}uvaeic;. Mnopou[ie tmorf, va 
UTioXoyiaoujis to cpopTio Ramond-Ramond oXoxXrpcovovTac; to 8 - * F p+2 ndvco as 

[iia acpaipa S 8 ~ p xai i}eTCOVTac; to lao [ie evav axepaio AT em t/]c; Taar] [iiac; p-Ppdvr]c;, T p 



N 



A(7 - P )n 7 _ P L{7 _ p)/2 ^ r ,_ p + L7 _ p ^ (3 



1 t — 1 o 2?rn/2 
(2tt)^2 > T ? " (2^^ ' "^-f^y 
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MTCopoujis £7ua/]c; va uitoXoyiaoujae [ie t/]v [iei}o8o ADM tt]v [iaCa tt]c; Xuar]c; aiio t/]v g^o 
auviaTCoaa tt]c; ^expixr]<; 



otiou VJ, eivai o oyxoc; [iiac; Dp eiuneBrjc; |3pdvr]c;. 

3.2 OpL^ovxsc; xoci ocvco^JLocXtsg tt)c; ^.sxpixrjc; 

I\a va xaTavo/]oou[ie xa eiBixd arjjieia r = xai r = r Tipefiei va aXXd^oujie auvTeTayjievec; 

p 7- P = L 7~ P + r 7~ P ^ r =Lj r 7~P = r 7-p + L 7- P (31Q) 

H [iexpix/] Ec;. (3.3) ypdcpexai toe; 



rf S 2 = Mp) 



/ ± = i-(^ 



^ 2 + y/f4p)dS'd£+ f-(Pr^ (Jjfi + P 2 /4P)) (3.1i; 



Ano TT]v [iopcpr] TT]<; [ieTpix/|c; TiapaT/poujie oti imdpxei evac; eacoTepixoc; opiCovxac; axo r_ 
xai evac; ec;coTepixoc; axo r + . YnoXoyiCovTac; t/]v pai}[icoxr] TioaoxrjTa Ricci axo auaxr][ia 
xrjc; y_op§r}Q 7iapaT7]po6[ie oti 



(p+l)(3-p)(p-7) 2 7 

K - 4r (p-3)/2 L (7-p)/2 L A + ^ r J] ■ 

'Ojicoc; yia va Ppoujie tu^ov avco^iaXiec; tt]c; ^iexpixr]c; -da upeTiei va Ttajae axo auaxr][ia Einstein 

C = e-*&> R E ^r-^ 2 l\ (3.13) 

onou TcapaTTjpoujie oti r) [iexpixr] iyz\ Tiavxa evav afieipiajio oto r = f] p = L zxxoq xai av 
p = 3. Tia cpuaixd afioBexTr] Xuar] 'da Tcpenei va e)(ou[ie r + > f] iao8uva[ia r > aXXicoc; 
e)(ou[ie yu[ivr] avcojiaXia. 

Me auxr] tt]v 7iapa8o)(r| xai xprpijiorcoicovTac; tic; e^iacoaeic; (3.8) xai (3.9) TiapaT/poujie oti 
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M 

tt>T p N. (3.14) 
v p 

Sxr]v eiBixr] nepiTiTcoar] onou r = 0, £)( ou l J - £ ° Tl Ppavr] ixavorcoiei to opio Bogomolny 
(M = NVpTp) xai r] OTioia Xuarj Biorcrjpei to [iiao t/]c; UTcepau[i[ieTpiac; tou x"P°XP° vou - H 
TOpio)^ ycopco onto to r = XeyeTcu Xai^toc; (throat) tt]Q Xuar]c;. To ^leye'do; L tou Xaijiou 
[iTcopei va Pprfki onto to cpopTio E$. (3.8) 



- 9s 1 2 J (3.15) 



2vr4/ 7 - p 2tt( 9 -p)/ 2 
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H avxiaxoixia AdS/CFT 



£e auTT]v t/]v evoxTjia 'dot 8iaxuTxcoaou[i£ eva eni)(e[pr][ia to ottoio auv8eei [iia decopia ^opBcov 
tutiou II B [ie [iia decopia M = 4 Super- Yang-Mills (SYM) [11]. Ap/ixd dot auvocjjiaou^e 
xot pctaixd oxov/zia [iiac; decopiac; A/" = 4 SYM xai axr]v auve)(eia da BicruUTtcoaou^te tt]v 
avaXoyia AdS/CFT [12]. 

4.1 A/" = 4 Super- Yang-Mills 

H decopia A/" = 4 SYM eivai r) [leyiaTa U7iepau[i[ieTpixr| decopia padjiiBac; ae Teaaepic; 8ia- 
aTaaeic; X W P^ Papuxovia. H decopia auxr] eivai [iia toXO ei8ix/| Tiepiirccoor] TeTpaBidoTaTTjc; 
detopiac; pad[i£8ac; Sioxi eivai au[i[iopcpr]. Ta paorxd auaxaxixd t/]<; A/" = 4 decopiac; pad[ii8ac; 
eivai: e^i padjicoxd TieBia $ m , xeaaepa cpep^tiovixd $ aa , ^ xai to 8iavuo[iaTix6 TieBio 
OpiCoujie tt]v auvaXoicoTr] TiapdycoYo £> M xai tt]v Spdar] tt]c; Tidvco aTa TieBia 

D, = d, - igA^ , D,W = [D„ W] = d,W + ig[W, A„] , (4.1) 
OTiou to A M eivai to 8iavuo[iaTix6 TieBb xai W eivai to auvoXo tcov Tie8icov 

W=(D,^ aa ,n,^ m ) . (4.2) 

Oi BeiXTec; /i, z/ avr]xouv ot/]v dXyePpa Lorentz 5*0(3, 1), [ie /i, z/ = 1, . . . , 4 xai a, (3, a, (3 = 
1,2. Oi XaTivixoi BeiXTec; avTiaToi)(ouv ott]v aujijieTpia R Tr\Q dXyePpac; 5*0(6) = SU(4). 
Ta padjicoTa TieBia avr]Xouv ot/]v dejieXicoBr] avanapdaTaar] tt]Q 50(6) xai auvencoc; Ta 
m, n = 1, . . . , 6. Evco Ta cpepjiiovia avr]xouv ot/]v aTiivopiaxr] avanapdaTaar] xai oi BeiXTec; 
naipvouv Tijiec; a,b — 1, . . . , 4. 
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H AayxpavCiavr] tt]Q Af = 4 SYM eivai r\ axokouQr): 



+no*fLr*pa - ±i^o£ e ^[$™ - , (4.3) 

onou eivai o TavuaTT|c; 7ie8iou tou 7ie8iou A m xai opiCeTai coc; = ^ _1 [D (U ,D iy ] xai 
a^,a m eivai 01 mvaxec; yd[i[ia tt]c; )(eipaXix/]c; auji^expiac;. 

4.2 To opio ocTioau^su^rjg 

'Egtco iV 7iapdXX/]Xec; aujiTUTTOuaec; D3 Ppdvec; evToc; evoc; 8exa8idaTaTou )(cop6)(povou. Oi 
Ppdvec; amec,, exTeivovTai as eva UTxepenureSo 8idaxaar]c; (3 + 1) xai PpiaxovTai axo 1810 
ar][ieio coc; upoc, tov eyxdpaio X"P°- ^ e au "ro to U7i6pai}po, e)(ou[ie 8uo ei8cov 8ieyepaeic;: 
tic; avowee; xai tic; xXeioxec; )(op8ec;. Oi avowee; x o p8e<; ol 8ieyepaeic; tcov D3 Ppavcov, 
evco oi xXeiotec; y^opMc, eivai oi Sieyepaeic; tou BexaBidaTaTou U7iopdi}pou. H Tiepiypatpr] tcov 
xXeiaTcov )(op8cov a to opio tcov )(a[ir]Xcov evepyeicov BiveTai ano t/]v U7iepPapuT/]Ta tutiou 
IIB. AvTiaToixa, r) Tiepiypaopr] tcov avoiXTCov )(op8cov oto opio tcov )(a[ir]Xcov evepyeicov 
BiveTai afio tt]v $ecopia A/" = 4 SYM. 

Mjiopoujie va ypdcjjoujie t/]v 8pdar] tou auaTr][iaToc; gto opio tcov xcqi7]Xcov evepyeicov coc; 

^ = ^UTiopdi}pou + ^Ppdvr]c; + ^aXX^XeTuBpdaecov ' (^-4) 
otiou o TcpcoToc; xai o Beuxepoc; opoc; Ttepiexouv tic; aXXrjXeiuBpdaeic; tcov xXeiaTcov xai avoi- 
X"ccov )(op8cov, evco o Tpruoc; Tiepie)(ei tic; aXXr]Xe7u8pdaeic; jieTa^u tcov xXeiaTcov xai avoi)(Tcov 
XopBcov. IIio auyxexpi[ieva, o itpcoxoc; opoc; eivai r\ Bpdar] tt]c; BexaBidaxaTTjc; UTiepPapuxrjTac;, 
xai 8iopi}coaeic; avcoTepcov fiapaycoycov. O Beuxepoc; opiCeTai otov )(cop6)(povo tt\c, 3 + 1 Ppd- 
vec;, xai 7tepie)(£i xrjv Af = 4 SYM xai xdnoiec; 8iopi}coaeic; avcoxepcov fiapaycoycov. O TpiToc; 
opoc; fiepie)(£i tic; aXXr]XeTii8pdaeic; [ieTa£u tcov Tpoiicov TaXdvTcoar]c; (modes) xr]Q Ppdvrjc; xai 
tou U7iopdi}pou. 

Mnopoujie va avanTUc;ou[ie tt]v 8pdar] U7iopdi}pou yupco afio to eXeui^epo arjjaeio, ae Buvdjieic; 
tt]Q papuTix/]c; Ceuc;r]c; k. OecopcovTac; t/]v [ieTpixr] U7iopdi}pou g^, xai xdvovTac; avdfiTU^r] 
yupco afio tov X"P° Minkowski, g^ u = rj^ + k h^ u Ppbxoujie oti 

^UTiopd^pou ~ ^ / V9~R - J (dh) 2 + K{dhfh + ... , (4.5) 
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onou r) axa'depd k a^eTiCexai \ie t/]v axa'depa tou NeuTtova ae 8exa Biaaxdaeic; [ieaco t/]c; 
a)(ea7]<; do = 87r 6 g 2 £ 4 = 2/t 2 [12]. Ett]v avaTixu^r] auxr] au[i7iepiXdpa[i£ [iovo to papuTovio, 
aXXd U7idp)(ouv avTiaToi)(a avanTuyjiaTa xai yia touc; dXXouc; opouc;. IIapaTT]pou[i£ oti 6X01 
01 opoi aXXr]XeTt£8paar]c; sivai avdXoyoi i}etixcov 8uvd[iecov tou k. Euvetcoc;, ae xajirjXec; 
evepyeiec;, oXec; auTec; 01 aXXrjXeuiBpdaeic; eivai a[ieX/]T££c;. Auto Eivai iao8uva^io to oti r\ 
PapuTTjTa Eivai cXeu'depr] oto UTiepudpo. Euveticoc; xaTaXr|you[ie oti ae -/_a\ir\kec, evepyeiec; oi 
aXXrjXeniSpdaeic; auTec; eivai a^ieXrjTeec;. 'H iao8uva[ia [ie to va ^ecoprpoujie oti t] papuT/pa 
eivai anoauCeuyjievr] oto U7i6pai}po. 

4.3 r£CO^JL£TpLOC TOU OpL^OVTOC 

Ett]v eiBixr] TtepiKTcoar] onou £x ou K £ N Ppdvec;, ano tt]v E£.(3.3) yia p = 3, Ttpoxuircei 

rf s 2 = H~ 1/2 (-dt 2 + • dx) + # 1/2 (dr 2 + r 2 dft 2 ) , (4.6) 

L 4 

F 5 = (1 + ^dH' 1 A dt A dxi Adx 2 Adx 3 , H = 1 + —, 

r 4 

L 4 = 4tt^£ 4 AT, $ = Exa^spo, 

onou )(pr]ai[jioTioir]aa^e emor\c, tt]v E£.(3.15) yia p = 3. IlapaTrpcovTac; oti to otoijzio tt\c, 
[i£Tpixr|c; g tt 8ev eivai aTai}epo, aujiTiepaivoujie oti r\ evepyeia _E P evoc; avTixeijievou ontoc; 
[iETpiETcxi afio evav 7iapaT/]pr]Tr| ae anoaTaar] r xai r\ evepyeia 22 oticoc; jieTpieTai ano evav 
napaTrjprjTT] oto dfieipo aua)(£TiCovTai [ie [iia [ieTaTonia/] oto epui}po 

E = H- 1/A E P . (4.7) 

^ecopcovTac; oti r) evepyeia oto dfteipo eivai nenepaajievr], eva avTixeijievo to otioio xiveftai 
upoc; to r = cpaiveTai oti ey_ei 6Xo xai [iixpoTep/] evepyeia. AxoXoutE)coc;, -da T&ecopriaoujie to 
aai^evec; evepyeiaxo opio tt\c, Ec;.(4.7). Y7tdp)(ouv 8uo ei8cov aai&eveic; evepyeiaxec; 8ieyepaeic; 
yia evav napaTT]pr]Tr| o oitoioc; PpiaxeTai oto dfieipo. Euyxexpijieva, \mopov\ie va sy_ou\ie 
djiaCa acojidTia Ta onoia 8ia8i8ovTai otov X"P° [ 1E ^ydXa \ir\xr\ xujiaToc;, r\ onoiou8r]TioTe 
eiBouc; Sieyepaeic; xovTa oto r = 0. Eto acrdevec; evepyeiaxo opio auTec; oi Bisyepaeic; 
eivai aTioauCEuyjievec; [iETac;u touc;. EtuttXeov Ta d[iaCa aco^iaTia eivai anoauCeuyjieva OTrjv 
nepioyj] Ttepi tou opiCovTa (yupco ano to r = 0), Bioti to \ir\xoc, xujiaToc; tou aco[iaTi8iou eivai 
tioXu [ieyaXuTepo ano to eupoc; tt]Q papuTixr|<; 8uva[ir]c; tt]Q Ppdvec;. Ojioicoc;, oi Bieyepaeic; 
Tiepi tou r = 8ev [inopouv va ^etpuyouv oto dneipo Xoyco tou papuTixou 8uva[jiixou. 
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Euvencoc;, to acrdevec; evepyeiaxo opio aitoTeXeiTai ano 8uo anoouCeuyfieva \ispt], to eva va 
eivai r) eXeu-depr] U7iepPapuT/]Ta axo xevo xai to BeuTepo eivai r\ nepioyr] Ttepi tou opiCovTa. 
St/]v Tiepio)(r] xovTa otov opiCovTa, r <C L, r\ \ieipixf] tt]Q Ec;. (4.6) TipooeyyiCeTai coc; 



ds 2 = -7,(-dt 2 + dx-dx) + L 2 — + L 2 d^l\ , (4.8) 



r\ tt]v iao8uva[i/] excppaar] [ie t/]v avTixaTaoTaar] u = L 2 /r, 



L 2 

ds 2 = — {du 2 - dt 2 + dx ■ dx) + L 2 dVt\ . (4.9) 
u 2 

To TtpcoTO \iepoc, nepiypdcpei oncoc; ey_ov\xe §ei tov TievTaBidaTaTO X"P° Anti-de Sitter (AdS$), 
evco to BeuTepo nepiypdcpei [iia TievTaSidaTaTT] acpaipa S* 5 . To auvopo tou ArfS , 5 ae auxec; 
tic; auvTETay[ievec; eivai to u = 0. 

Kai otic; 8uo Tiepiypacpec;, Pp/]xa[ie oti oto opio )(a[ir)Xcov evepyeicov to auoTr][ia anoTeXei- 
xai ano 860 [irj-aXXrjXeTciBpcovxa auaxr][iaTa. Autt] t] 7iapaTT|pT]aT] o8/]yei ott]v eixacua t/]<; 
AdS/CFT oti f] Af — 4 SYM eivai 8uixr| [ie tt]v U7iepPapuTT]Ta tutiou 7/5 [12]. 



4.4 $]tol)(£loc xr]g ocvTiaxoL)(Locg 

Sto opio onou £ s — > xai yia Tienepaaiisvec; evepyeiec; $ecopou[i£ oti r\ TtoooTTjTa eivai 
7ieiiepaa[ievir). A716 tt]v E£.(4.7) (3p{axou[ie oti 

E 00 ~E r j = {E r l s ) T - , (4.10) 

OTiou "deXoujie r\ oncoc; auTT| fla [iexprydei ott]v Netopia neBiou, va eivai TieTtepaajievir). 
f2c; ex toutou Tipenei va opiaoujie [iia vea [i£Taf3X/]Tr| U = j% r\ 07101a i}a npenei va eivai 
nenepaa^evr] xa-dcoc; to r — > 0. Se auTO to auaTT][ia auvTeTay[ievcov, oto otioio rj [/ £yxi 
BiaaTaaeic; evepyeiac;, evco r) [iexpixr], Ec;.(4.6), Ttepi tou opiCovTa BiveTai ano 



/ jji MJ 2 \ 

ds 2 = e s ^==(-dt 2 + dx ■ dx) + ^47rg s N— + ^Ang s Ndn 2 5 . (4.11) 

0a npenei va auyxpivoujie tic; oXixec; au[i[ieTpiec; tou )(copou AdS 5 x S 5 xai tt]Q i^ecopiac; 
Af = 4 SYM. Oi oXixec; [iitoCovixec; aujijiexpiec; t/]<; TeTpa8idaTaT/]c; au[i[iopcpr]c; i^ecopiac; 
TteBiou exouv yevvr]Topec; ott]v au^opcpr] o[id8a 5*0(4,2) xai t/]<; auji^ieTpiac; i?, 5 , 0(6)i?. 
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Auxec; eivai axpipcoc; xai 01 au^iexpiec; tou Y^copou AiSs x S* 5 . Ilepa ojicoc; afio tic; [ino- 
Covixec; ou[i[i£Tpiec; e)(ou[ie xai tic; cpepjiiovixec; aujijiexpiec;. H Netopia M = 4 SYM e)(ei 
16 UTtepcpopTia, 8/]Xa8r| tt]v UTiepau[i[ieTpia tiou Biaxrpeixai afio tic; D3 Ppdvec;. 'Ojicoc; 
r] UTiepau[i[iETpix/] a6[i[iopcpr] o[id8a e)(ei dXXa 16 cpopTia, otiote oto auvoXo e)(ou[ie 32 
UTXEpcpopTia. Autt] r] svia)(U[i£vr] UTEpau[i[iETp[a eppaviCexai xai ax/]v Netopia )(op8cov oto 
UTi6pai}po AdjS's x S 5 . Otiote, t] Netopia pai}[ii8ac; xai r\ Netopia )(op8cov, e)(ouv tic; iSiec; 
(uitep)au[i^expiec;. 0a TrpeTtei va e<;exdaou[ie Ta opia lo^'joc, tcov 8uo "decopicov. Exo etutteBo 
tt]Q i^ecopiac; Tie8iou r) avdXuar] ae 8iaypd[i[iaTa Feynman tt]c; ^ecopiac; Yang-Mills OTrpCexai 
axo oti r] aTai^epd Ceuc;r]c; tou 't Hooft xpeTiei va eivai 

L 4 

\ = g$ M N~g s N~ — ^l , g s ~& M . (4.12) 

Axo tt]v dXXr] xXeupd, yia va eivai r] xXaaixr] uxepPapuxrjxa a$i6xiaxr] i}a xpexei r\ axxiva L 
tou x"po u xai tt]c; S* 5 va eivai xoXu [ieyaXuxep/] axo to \ir\xoc, tt]Q y_ophr\c, 

^~^iV~^ M iV = A»l . (4.13) 

Atio tic; ec;iacoaeic; (4.12) xai (4.13) xapaT/]pou[ie oti Ta opia tt]c; papux/]xac; xai ^ecopiac; 
xe8iou eivai ex 8ia[iexpou avxi^exa. Auto eivai o Xoyoc; yiaxi r\ avxiaToivJa AdS/CFT 
ovojidCexai 8uia[i6c;. Ilpexei va avacpepoujie oti Ta exi)(eipr|[iaxa tiou 8coaa[ie 8ev axoxeXouv 
ae xa[i[iia xepixxcoar] aTi68ei^r] tt]Q avxiaxoiv/iac; axXd [iac; o8r]youv ott]v eixaaia t/]c; UTiap^c; 
t/]c;. H eixaaia amf] e^ei exexxa-dei xai yia ux6pai}pa Ta oxoia eivai aaujixxcoTixd axov 
x S 5 oxcoc; xai ae xepixTtoaeic; [ae XiyoTepr] uxepau^expia [17, 18, 19]. 
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Mspog II 
Meaovioc 
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Kecp&Xouo 5 
ELaaycoyrj 



O UTioXoyiojioc; evoc, atatixou Pp6)(ou Wilson yia to Ceuyoc; xoudpx-avTixoudpx ae [iia 
Af = 4 SYM coieixoviCcTca ax7]v eXa)(iaT07ioiT]aT] t/]<; 8pdar]c; yia X^^ 7 !' 7100 CTUV Seei 
to Ceuyoc; xoudpx-avxixoudpx tiou PpiaxeTai a to auvopo tou )(copou xai 7] onoia 

exxeiveTai axr]v axTivixr] 8ieuuuvar]. H itpoaeyyiar] auxr] ecpap[i6aT7]xe yia TtpcoT/] cpopd 
axr]v epyaaia [20] yia a6[i[iopcpr] Ttepiirccoar] xai yevixeuTrjXs; otic; epyaaiec; [21, 22] yia 
[ir] a6[i[iopcpec; Ttepinxcoaeic;. 

MoXovoti axr]v a6[i[iopcpr] Ttepiirccoar] 01 unoXoyiajioi 8i8ouv tt]v 7ipoa8cox6[ievr| aujiTtepicpopd 
Coulomb tou 8uva[iixou, otic; [i/] aujijiopcpec; yevixeuaeic; r] aujinepicpopd tou 8uva[iixou 
8iacpepei [ie t/]v 7ipoa8oxa)[ievr| ano tt]v uecopia 7ie8iou xai to Tteipajia. Tia 7iapd8eiy[ia, axr)v 
Netopia A/" = 4 SYM, to 8uva[iix6 tou xoudpx-avTixoudpx zyei TtXeioxi^r] aujinepicpopd oncoc; 
xai aujiitepicpopd avdXoyr] [ie [lETcapofir] cpdaecoc;, evco otov xXd8o Coulomb tt]<; A/" = 4 SYM 
Ppiaxou[ie OTi UTidp)(ei eyxXcopiajioc; ae opiajievec; 7iepio)(ec; tou TiapajieTpixou )(copou. Tia va 
eXev<;ou[ie av 01 Xuaeic; auTec; ovtcoc; TipoxufiTOUv ano t/]v avTiaxoi)(ia pai}[ii8ac;/papuTr]Tac;, 
npeirei va eivai auveneic; xdxco afio opiajievouc; eXey)(ouc;, evac; ano auxouc; eivai /] euaTaueia 
touc; xaTco axo [iixpec; 8iaxu[idvaeic;. 

Tia tt]v au[i[iopcpr] TtepiTtTtoar), 01 e^iacoaeic; xivr]ar]c; yia tic; 8iaTapa)(ec; e)(ouv Ppeuei oto 
[23, 24], xai to cpdajia tcov 8iaTapa)(cov rjTav uetixo coc; avajievoTav. Sxrjv TtepiXTCoay] t/]c; 
TieTiepaa^evrjc; -depjioxpaaiac;, oxou r] Xuor] e)(ei 5uo xXd8ouc;, to -dejia t/]c; euoTai^eiac; ^ieXe- 
TT]ur]xe ot/]v epyaaia [25, 1] yia tt]v Ttepiirccoar] xivoujievou Ceuyouc; xoudpx-avTixoudpx. H 
avdXuar] tcov [iixpcov 8iaxu[idvaecov a to Tip6pXr][ia auTO oBrjyrpe ae eva auaT/][ia TteitXey[ie- 
vcov Biatpopixcov ec;iacoaecov, xai etpapjioCovTac; apiujirpixec; [ieu68ouc; [25] site avaXuTixec; 
[1], Ppeur]X£ OTi o dvco xXdBoc; eivai acTa^c; xdxco onto [iixpec; 8iaTapa)(ec; otic; Biajiypceic; 
Bieuuuvaeic;. 

Ap)(ixd, i}a ^eXexr]aou[jie t/]v euaTai}eia CTaTixcov 8iaTac;ecov (configurations) aTr]piC6^evoi 
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ae avaXuTixec; [ie^oBouc;. 0a [ieXeTr|aou[ie 8iaTapa)(ec; ae oXec; tic; auvTeTayjievec; aujiTce- 
piXa[iPavo[ievcov xai tcov ycoviaxcov xai i}a ^ieXeTr|aou[ie tt]v A/" = 4 SYM ae TieTiepaajievr] 
uepjioxpaaia xai axov xXd8o Coulomb. Se auxd xa U7i6paupa, 01 ec;iacoaeic; eivai \ir\ Tte- 
TtXeyjievec; xai to 7ip6pXr]^a eiuXueTai \ie avaXuxixec; [ieu68ouc;. To TiXdvo [iac; eivai va ypd- 
(jjoujie tic; e<;iacoaeic; xivrpeic; tiou ixavonoiouv 01 8iaxu[idvaeic; uno [iopcpr] Sturm-Liouville 
xai Schrodinger xai $a avdyoujie tt]v [ieXeTr] tou cpdajiaToc; auy_voTr|Tcov tcov 8iaxu[idvaecov 
cite ae [i/]8evixouc; TpoTiouc; (zero mode)evoc; Sturm-Liouville 7ipopX/|[iaToc;, cite ae [ieXeTT] 
8uva[iixcov Schrodinger, Y_pr]ai[i07ioicovTac; avaXuTixec; xai apii}[iT]Tixec; [ieu68ouc;. 
H evoTr]Ta tcov [ieaovicov eivai paaia^ievr] otic; epyaaiec; [1, 2] opyavcojiev/] coc; e£r|c;. Sto 6o 
xecpdXaio, ua 7tepiypd(|jou[ie tov U7ioXoyia[i6 evoc; Pp6)(ou Wilson a to TiXaiaio tt]Q AdS/CFT 
[ieaco 8iaTac;ecov Y_op8cov ae UTiopaupa L>3 Ppavcov xai ua avaXuaoujie Ta yevixd Y_apaxTT]- 
piaTixd tcov 8uva[iixcov xoudpx-avTixoudpx. Sto 7o xecpdXaio, ua uecoprpoujie [iixpec; Bia- 
xujidvaeic; Tiepi tcov xXaaixcov Xuaecov, xai fla avdyoujie to Tip6pXr][ia ae eva iao8uva[io 
^lovoBidaTaTO Tip6pXr][ia Schrodinger, xai "da Ppoujae xditoia yevixd aitoTeXeajiaTa yia ava- 
Xutixo xai TipoaeyyiaTixo unoXoyia[i6 tcov evepyeiaxcov i8ioTi|icov. Sto 8o xecpdXaio, $a 
ecpap[i6aou[ie Ta yevixd afioTeXeajiaTa tou xecpaXaiou 6o otic; TiepinTcoaeic; tcov ^leXavcov 
(non-extremal) D3 Ppavcov xai tcov TioXuxevTpixcov D3 Ppavcov xai ua 7tpoa8iopiaou[ie o- 
piajievec; Tiepio)(ec; otov TiapajieTpixo X"P° OTl( ? cmoiec; Ta 8uva[iixd eivai ae avTiuear] [ie Ta 
7ipoa8oxco[ieva cpuaixd aicoTeXeajiaTa. Sto 9o xecpdXaio, ua ecpap[i6aou[ie tt]v uecopia tcov 
[iixpcov 8iaxu[idvaecov yia auTec; tic; 8iaTa^eic; xai ua afio8ei^ou[ie oti oXec; auTec; oi TtpopX/]- 
fiaTixec; 7iepio)(ec; eivai 8iaTapaxTixd aaTaueic;. Sto IOo xecpdXaio ua [ieXeTr|aou[ie UTiopaupa 
8uixd ae Af = 1 SYM. 'Oticoc; i}a 8ou[ie ax6[ia xai r] euaTaueia t/]c; au[i[iopcpr]c; TiepiiiTcoarjc; 
ae opiaxd 7iapa[iopcpco[ieva (marginal) Ufiopaupa afiaiTei to cpavTaaTixo \iepoc, a tt]Q Ttapa- 
[ieTpou Tiapajiopcpcoarjc; va eivai [iixpoTepo ano [iia Ti[i/|, evco ae xdfioiec; 7iepio)(ec; tou xXd8ou 
Coulomb eTiiTpeueTai ypajijiixoc; eyxXcopiajioc; ae eva 8idaTT]^a ti^icov tt]c; TiapajieTpou ct. 
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Kecp&Xouo 6 
KXocaixsg Auaeig 



■da uitoXoyioou^ie [ieaco t/]<; AdS/CFT to axaxixo 8uva[iix6 evoc; papeou Ceuyouc; xoudpx- 
avTixoudpx aujacpcova \±z t/]v [iei}o8oXoyia tou [20] yia t/]v a6[i[iopcpr] TiepiitTcoa/] xai tic; 
yevixeuaeic; tt]Q Tiepa tou au[i[iopcpou opiou [21, 22]. Ett]v Netopia tieSiou pai}[ii8ac;, auTO 
to 8uva^iixo unoXoyiCetai coio t/]v ava[iev6[i£vr] xijir] evoc; Ppo^ou Wilson [ae [iia xpovixr| 
xca [iia x^pixr] ax[ir|. £tt]v papuT/]Ta, r] ava[iev6[i£V7] Ti[ir| tou Ppo^ou Wilson 8[vexai afio 
t/]v eXaxiaxorioirjar] TTjc; Bpdarjc; Nambu-Goto yia [iia x°pS^ ^ 07101a 8ia8i8eTai oto 8uix6 
UTiepPapuTixo U7i6pai}po, tt]Q onoiac, ia dxpa eivai 8ea[ieu[ieva otic; 8uo dxpec; tou )(copixou 
[iepouc; tou Pp6)(ou. 



6.1 Bp6)(OL Wilson xoa xooocpx 

Exr)v rj evoxrpa $a eiadyoujie t/]v evvoia tou Pp6)(ou Wilson o otioioc; -da [iac; xpsiaaxei 
apyoTepa yia tov uuoXoyio^o evepyeicov 8sa[iicov xaTaaxdaecov. Ta xoudpx ott]v QCD 
)(cop£CovTai aTa i}e[ieXia)8r] (eXacppid xoudpx) xca otic; ec;coxepixec; 7tpoa$r|X£c; (afieipcoc; papea) 
xai Ta oftoia 8ev UTidp)(ouv ott]v 8pdar]. £t/] QCD, Ta eXacppid xoudpx 8ev PpfoxovTai tote 
EXeu-depa oto xevo, aXXd TidvTa ae 8ea[iiec; xaxaaTaaeic;. Via TtapdSeiyjia, a)(7][iaT[CovTac; 
Ceuyr] [ie avTixoudpx. Acpou Ta ec;coTepixd xoudpx eivai tioXu papid, r] anoaxaar] [iexac;u tou 
Ceuyouc; xoudpx-avTixoudpx 8ev Tiapajieivei oia.'dzpr} [is to xpovo. GeXoujie va un:oXoy[oou[i£ 
to 8uva[iixo aXXrjXeiuBpaarjc; [iexac;u tcov 8uo xoudpx, V q q{L) xai yia auTO xp£i a C6[iaaTe 
xdnoio cpuaixo [ieyei^oc; tou 8ev i}a e^apTaTai afio t/]v pai}[ii8a. Mia ar][iavTixr] TioaoTrpa r] 
oitoia 8ev e^apxdxai afio t/]v pai}[ii8a otic; i^ecopiec; Yang-Mills Eivai o Pp6)(oc; Wilson [15] 

W(C;i2) = Tr fl [iVfc A ], (6.1) 



21 



o onoioc, Bivexou ano eva exdeTixo 8iaTaaa6[ievr]c; 8ia8po[ir|c; (path ordered) Tidvco oto tieBio 
Pai}[i£8ac;, xaxd \ir\xoc, [iiac, xkzioir}Q ipo^iac, C evco to iyyoc, iyei Tiapdei Tidvco as [iia TU/aia 
avanapdaxaar] R tou 7ie8iou pai}[ii8ac;. Airo8£ixvu£Tai on rj noaoTrjxa auxr] eivai ave^dpTr]Tr] 
afio t/]v eniXoyr] [3ai}[ii8ac; [13]. Ato t/]v ava[isv6[ievr| xijir] tou [3p6)(ou Wilson VT(C;i2) 
[iiropoujie va UTioXoyiaoujie to 8uva[iix6 aXXr|Xe7u8paar|c;. Via to oxotio auTO i}ecopo6[ie 
eva opdoycovio 7iapaXXr]X6ypa[i[io oto euxXei8io X"P° t — x, [ie [ir]Xoc; T xcad \xr\xoc, tou 
Xpovou i xou [i/]Xoc; L xaTa [i/|Xoc; tou x"P ou H E£.(6.1) laouTcu [ie eva ddpoiajia 
TiapayovTcov Boltzmann ae okzc, tic; evepyeiec; xai yia [ieydXa T (T L) r\ ava[iev6[ievr] 
Ti\if] oujiTcepicpepeTai coc; e~ TE , otiou i? eivai r) eXdxiaT/] evepyeia tou Ceuyouc; xoudpx xai 
avTixoudpx. Oti6t£, (3piaxou[ie oti [iia evaXXaxTixr] oyzor\ yia tt]v ava[iev6[ievr] Tijar] tou 
Pp6)(ou Wilson 

<W(c)) ~ e~ TV ^ , (6.2) 

otiou V(L) Eivai to 8uva[iix6 xoudpx xai avTixoudpx. 'Oncoc; 'da 8o6[ie apyoTepa yia [ieydXa 
N xai [ieydXec; Ti[iec; tou gy M N , [ieaco tt]c; avaXoyiac; AdS/CFT o UTtoXoyiajioc; tou (W(c)) 
tt]Q CFT yiveTai ano tt]v eXaxiaTOTi:oir]a/] [iiac; enicpdveiac; otov X"P° AdS. 

6.2 TTioXoyLa^jLoc; xXocaixrjc; Xuarjc; 

'Eotco r] yevixr] 8iaycovia [ieTpixr] t/]c; [iopcprjc; 

rfs 2 = G tt dt 2 + G yy dy 2 + G uu du 2 + G xx dx 2 + G ee d6 2 + ... , (6.3) 

[ie UTioypacp/] Lorentz xai /] OTioia a to aujijiopcpo opio avdyeTai ae [iETpixr] tou x^pou AdS 5 x 
S* 5 . H ayvor]ai[i/] (xuxXixr]) auvTeTayjievr] ?/ eivai xaTa [i/]xoc; tt]c; )(copixr]c; TtXeupdc; tou 
Pp6)(ou Wilson, w eivai r] axTivixr] auvTeTay[ievr] tou avTixaTOTTpiCei t/]v xXijiaxa evepyeicov 
ot/]v 8uixr] decopia |3ai}[ii8ac; xai exTeiveTai ano to unepia)8ec; {u — > oo) [iexpi TO UTiepudpo ae 
xditoia eXd)(iaT7] Ti[ir] -u m j n r] OTioia xadopiCeTai afio t/]v yeco^ieTpia. H auvTCTayjievr] x eivai 
[iia yevixr] ayvorpi[i7] auvTETayjievr] xai r] ^ eivai [iia yevixr) [i/] ayvor]ai[ir] auvTETayjievr] 
aTio t/]v OTioia e^apTcovTai Ta aToixeia tt]Q [iETpixr]c;, aXXd tcou [iixopei va Xdpei [iia aia-Qepf] 
ti\xt} au[iPaTr] [ie tic; e^iacoaeic; xivr]ar]c; oticoc; da 8o6[ie. Oi Xoitec; auvTETay[ievec; 8ev ey_ovv 
au[inepiXr](pi}ei decopcovTac; oti avr]xouv ae [iia aiio TeXeuxaiec; 8uo xaTr]yopiec;. Eivai poXixo 
yia t/]v avdXuar] [iac;, va opiaoujie tic; auvapTT]aeic; 

g [u, 9) = -G tt G uu , f y (u, 6) = -G tt G yy , (6.4) 
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xcrfcoc; xou tic; 



f x (u,9) = -G tt G xx , fo(u,6) = -GuGoe , h(u,0) = G yy G uu . (6.5) 

Eivou )(pr]ai[io va Ppoujie tic; aaufxitxcoxixec; au^uepicpopec; tcov auvapTrpecov auxcov oto au- 
[ijiopcpo opio. 'Oticoc; Tipoavecpepi&ei -decopoujie oxi r) [i£xpixr| Ec;.(6.3) oto au[i[iopcpo opio 
(u — >■ oo) avdysTai as [iETpixr] tou x"P ou AZSs x 5' 5 , otote e)(ou[i£ 



m 2 R 2 

-G tt ~ ~ G ra ~ — , G uu ~ — , Gee ^ R 2 , otcxv « ->■ oo , (6.6) 

oxou R = {AnggN) 1 / 4 ' eivai r) axTiva tou )(copou x S* 5 oto auaxrijia ^iovd8cov t/]c; 

Xop8r]c; xai <7 S eivai r\ aTa-depd ^eu^T]C, ttjc; )(op8/]c;. Avxixa'diaTcovTac; tt]v E£.(6.6) axr)v 
E£.(6.5) PpbxoujiE oxi 



# ~ /i ~ 1 , / x ~ f y ~u 4 , f e ~u 2 , oxav « ->■ 00 . (6.7) 

Sto TiXaiaio tt]Q avuaioiydac, AdS/CFT, to 8uva[iix6 aXXr]Xe7i£8paar]c; tou Ceuyouc; xoudpx- 
avxixoudpx 8ivexai afio xr] a^ear] 

e" iST = (W(C)> = e 15 ^ , (6.8) 

OXOU 

5[C7] = / drday/- det g af} , g afj = G^d^dpx 1 " , (6.9) 

271 Jc 

eivai f] 8pdar] Nambu-Goto yia [iia )(op8r] tou 8ia5i5exai oto 8uix6 UTiepPapuxixo U7i6pa- 
i}po xou tt]Q onoiac, ia dxpa PpiaxovTai otov Pp6)(o C. St/]v auve)(eia xcrdopiCoujie t/]v 
8i8idaTaT/] Tiapa[ieTpoTxoir]ar] eitiXeyovxac; t/]v pcn}[ii8a 

i = r, u = <r. (6.10) 
Yxodexovxac; 6x1 8ev e)(ou[ie ec;dpxr]aT] coio tov xpovo i, i}ecopou[ie t/]v Tiapaxdxco ejipdxxiar) 



y = y(u) , x = , 9 = 9 = Exaftepd , TitoXoixec; = Exai}epsc; . (6.11) 
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E)(r][ia 6.1: To ar\\j.zio axpocpr]c; t/]c; )(op8r|c; eivai to u xou to eXd)(ioTo eivai to u min . 
Oi auvTETay^ievec; uiroxeivTai otic; auvopiaxec; ow&r}XZQ 

« (±§) = oo , (6.12) 



oi otioiec; eivai xcaaXXi^Xec; yia eva xoudpx a to y = —L/2 xai eva avxixoudpx a to y = L/2, 
S)(r][ia 7.1. St/]v UTi6i}ear] tt]Q (6.11), r\ aia-Qepr] Tip] 9 tt]Q \ir\ ayvorpi[iT]c; [i£TapXr]Tr|c; 9 
TipeTcei va eivai auv£7ir|c; \iz tic; e^iacoaeic; xivrprf. 'Otcoc; fla 8ou[ie apyoTepa, auTO erapaXei 
tt]v avayxaia auvi}/|XT] 

d e g(u,9)\ e =e = d e f y (u,9)\e=e = , (6.13) 
Me auTec; tic; UTioi}eaeic;, r) Spdor] Nambu-Goto laouTai [is 

S = --^J duyjg(u) + f y (u)y», (6.14) 

onou T, eivai r\ xpovixr] axjar] tou Ppo^ou Wilson, o tovoc; aujipoXiCei Ttapaycoyior] coc; upo; to 
u evco g{u) = g(w, O ) x ai /?/( M ) = /?/( M ? #o) £ i vai ol auvapTrpeic; t/]c; E£.(6.4) UTXoXoyiajievec; 
as [iia aTai9epd Tijar] # tou 9. H AayxpaCiavr] tou 7ipopX/|[iaToc; eivai ave£dpT7]T7] t/]<; 
[i£TapXr]Tir]c; y, onoiz r) avTiaToixr] yevixeujiev/] op\ir\ Biatrpeixai 

^ =±/i /2 =► ^, = ±^, (6.15) 
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onou Mo z'woii f] Ti[i/] tou u oto or}\ido oipz<\)r}Q tt]Q )[ophf]c,, f y o = f y (u ), y c \ sivai /] xXaaixr] 
Xuar] ^is xa 860 Tip6ar][ia va avTiaxoi)(ouv otovq 8uo aujijiETpixouc; xXdBouc; tt]c; )(op8r|c; nepi 
to ar][ieio axpE^rjc;, xai F eivai r] 7ioa6T7]Ta 

F=-Mit—. (6.16) 
OXoxXrjpcovovxac; xrjv Ec;.(6.15), [iTtopoujie va excppdaoujie t/]v afioaxaar] tou Ceuyouc; coc; 



1/2 

yO 



r°° Vf 

/ dw^- . (6.17) 

Jun Jy 



fy 

TeXixd, avTixai}iaTG)VTac; tt]v Xuar] y ta trjv ctttjv E£.(6.14) xai acpaipcovTac; tic; afioxXi- 
vouaec; [idCec; tcov xoudpx xai avTixoudpx, ypdcpoujie t/]v evepyeia aXXrjXeiu8paar]c; coc; 



1 r°° 1 z" 00 

= -/ duVF-- du^ . (6.18) 

n Ju 71 Ju min 



Ett]v i8avixr| TtepiitTCoar), -da $eXa[i£ va UTioXoyiaoujie avaXuxixd xa oXoxXrpcojiaTa tcov 
E^.(6.17) xai (6.18), xai ax7]v auve)(£ia va Xuaoujie tt]v Ec;.(6.17) coc; npoc; u , va avxixaxa- 
axr]aou[ie axr]v E£.(6.18) xai va excppdaoujie t/]v evepyeia aXXrjXeTuSpaar]c; aav auvapxTjor] 
xr]c; aTc6axaar]c; L tou Ceuyouc;. f2atoao, auxo ev yevei 8ev ptopEi va yivei, extoc; afio noXu 
anXec; nepinTcoaeic;, oncoc; r] au^jiopcpr] TiEpmTCoar), otote 01 Ec;. (6.17) xai (6.18) ptopouv 
va ^ecoprydouv coc; Tiapajiexpixec; a^eaeic, tcov L xai E [ie TiapajiETpo to u . To TipoxuTixov 
Buva^iixo tou Ceuyouc; E(L) Ttpeuei va ixavoitoiei t/]v auvi£>r|xr] xoiX6xr]Tac; 



dE d 2 E 

r] OTioia ia)(U£i Y ta 07ioia8/|7ioT£ Netopia pai}[ii8ac;, avE£apTr]Tcoc; tt]Q o[id8ac; pai}[ii8a<; xai tcov 
tie8icov v\f]Q, xai to otioio UTio8r]Xcov£i oti t] 8uva[i/] sivai eXxtix/] xai cpi}ivouaa auvdpxrjar] 
tou [if]Xouc; tou Ceuyouc;. St/]v Ttspiirccoar] \iaq, e^ei 8ei)(i}£i oti [22] 



xai as 6Xa Ta yvcoaTa Tiapa8EiY[iaTa E)(OU[iE oti > 0. H ouv&f}Xf] xoiXoTTjTac; ETiipdXXEi 
aT/]v TiapdjiETpo oXoxXr]pcoar]c; Uo va ixavofioiEi t/]v aviaoTTjxa 

L'(txo) ^ . (6.21) 
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£t/]v au[i[iopcpr] Ttepiirccoar] [20], r\ evepyeia aXXr]XeTti8paar]c; auvapTrpei tou [ir|Xouc; eyei 
aujiitepicpopd Coulomb, [iia yvrpicoc; 9$ivouaa UTiepPoXr] [ie aTai&epd avaXoyiac; y 1 g\ M N 
avTi yia gy M A, to otioio eivai aTOTeXeajia tou [ir] 8iaTapaxTixou unoXoyia[iou. H au[iuepi- 
tpopd TUTiou Coulomb undpxei oto U7iepico8ec; ae 6Xa Ta aaujiitcoTixd unopdupa otov X"P° 
AdSs x S 5 OTav to -u — )• oo. fiaToao, oto UTiepuupo, r] aujinepicpopd eivai 8iacpopeTixr| xoa 
e^apTaTai afio tic; XeTTOjiepeiec; tt]Q Xuar]c; tt]Q UTiepPapuTrpac;. Euyxexpijieva, ot/]v Af = 4 
SYM ae Tiefiepaajievr] i}ep[ioxpaaia, 8uixr] ae ^eXavec; D3 Ppdvec; [21], oncoc; xai otov xXdBo 
Coulomb T/]<; Af = 4 SYM, 8uixr| ae TioXuxevTpixec; xaTavojiec; D3 Ppdvcov [22] undp)(ouv 
Tpicov ei8cov aujiTcepicpopec;, tic; otoiec; ua Tiepiypdtjjou^ie TtapaxaTco. 

• Movo yia \ir\xr\ L [iixpoTepo ano [iia [ieyiaTr] Ti[ir| L c = L(uo c ) undp)(Si Xuar] yia to 
wo = «o(£) x^ at 8iTi[ir] auvdpT/]T/] tou L, X)(r][ia 7.2(a). Auto U7to8r]Xcovei 
t/]v UTiap^r] 8uo xXaaixcov )(op8cov oi OTioiec; ixavonoiouv tic; i8iec; opiaxec; auvu/]xec;, 
r] [iixpou [i/]Xouc; x°pS^ T ta M o > u oc x ai ^teydXou [ir|Xouc; x°P^ u o < u oc ^ou 
ixavonoiouv L'{uq) < xai L'(u ) > avTiaTOi)(a. T2c; ex toutou r] evepyeia eivai 
[iia 8iTi[ir] auvdpTTjar] tou [i/]xouc; [ie dvco xai xaTco xXd8o. IlapoTi o dvco xXd8oc; eyei 
[ieyaXuTepr] evepyeia afio tov xaTco, r] xXaaixr] Xuar] 8ev [iac; ^exauapiCei av o dvco 
eivai 8iaTapaxTixd euaTaur|c; /] [ieTaaTau/]c; xai efiojievcoc; av eivai cpuaixd anohzxir}. 
EiiiTipoai&eTa o dvco xXd8oc; TiapapidCei tt]v auvdr]xr] xupTOTTjTac; Ei;.(6.19). H aujiite- 
picpopd auTT] auvavTaTai ott] uecopia Af = 4 SYM ae ueTiepaajievr] uepjioxpaaia xai 
ae xdftoiec; 7iepio)(ec; tou xXd8ou Coulomb. 

• Via [ir]xr] L [iixpoTepa afio [iia [ieyiaT/] Ti[i/] L c U7tdp)(£i Xuar] yia to -u = uo(L) xai 
eivai [iovoTijiT] auvdpTTjar] tou L. H -E(L) eivai [iia [iovoTijir] auvapTrjar] xai nepiypdcpei 
eva ii}copaxia[ievo 8uva[iix6 Coulomb, Sy^a ^ fiojoao, to \ir]XOQ ucopdxiarjc; 
eyei evTovr] e$dpTr]ar] aiio tov TtpoaavaToXiajio tt]Q )(op8r]c; ae ayear] [ie Tr]v xaTavojir] 
tcov Ppavcov. 

• Tia 6Xa Ta \xf\x.r] L, UTidpyei Xuar] yia to u = u (L). EfiiTiXeov r] E(L) eivai [iia 
[iovoTi[ir] auvapTrjar] tou L i] OTioia TaXavTeueTai [ieTac;u [iiac; au^inepicpopdc; Coulomb 
xai evoc; ypa[i[iixou 8uva[iixou eyxXcopiajiou, S)(r][ia 7.2(y). Qaioao, o eyxXcopiajioc; 
8ev avajieveTai otic; 8uixec; uecopiec; 7ie8iou tou [ieXeToujie Xoyco tt]Q au[i[ioptpr]c; auji- 
[ieTpiac; ae auv8uaa[i6 [ie Tr]v [ieyiaTr] unepau[i[ieTpia. 

Ta 8uo TeXeUTaia e£8r] au[inepi[iuepicpopdc; auvavTOUVTai ae opiajievec; Tiepioyec; tou 
xXd8ou Coulomb aTr]v A/" = 4 SYM. Sr][ieicovou[ie oti otic; TiepiTiTcoaeic; auTec; 8ev 
napapidCeTai r\ auvur]xr] xoiXoTrjTac; Ec;.(6.19). AuTec; oi 8iacpopec; ejicpaviCovTai Xoyco 
tou oti r] uecopia Af = 4 SYM ae [ir]8evixr| -depjioxpaaia 8ev avajieveTai va TipopXe- 
Tiei aujinepicpopd eyxXcopiajiou xai oti to \if]XOQ ucopdxiarjc; 8ev ua Tipenei va eyei [iia 
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(°0 (P) (y) 

S)(r][ia 6.2: Ta xpia yevixd ei8r] auptepicpopcov xtov L(m ) xai ^(L) tiou anavxcovxai ae 
UTioXoYia[iou<; [3p6)(cov Wilson axa TtXaiaia x/]c; AdS/CFT , xai avxiaxoi)(ouv ae (a) eva 
axpoxaxo, 8iTi[io 8uva[iix6, (p) [ir] UTiap^r] axpoxdxcov, uwpaxiajievo r] [ir] 8uva[iix6 Coulomb, 
(y) \it\ UTiap^r] axpoxaxcov, ae 8uva[iix6 Coulomb xai eYxXcopia^iou. 

evxovr] e^apxrp/] axr]v auYxexpijiev/] xpo)(i& x/]c; )(op8r|c; tiou xpT]ai[ion:oiou[ie Y ta va 
UTioXoYiaoujie xo 8uva[iix6 xou Ceuyouc;. 

Kai axic; xpeic; auxec; Tiepmxcoaeic;, r\ aujifiepicpopd tt\q evepyeiac, aXXrjXeTu8paar]c; coc; auvd- 
pxrjar] xou [i/]Xouc; eivai avxidexr] [ie xa Tipoa8oxco[ieva yia xr]v 8uixr| itkwpia 7ie8iou xai coc; 
ex xouxou aitaixeixai [iia tiio upoaexxixr] ep^irjveia. Via xr]v Ttpcoxr] Tiepmxcoar), eivai e^icpavec; 
oxi r] avdXuar] xcov [iixpcov 8iaxu[idvaecov ua xauopiaei av r\ [leYaXou [irjxouc; X P^^ (dvco 
xXa8oc;) eivai 8iaxapaxxixd aaxaur]c;. Exic; dXXec; 8uo itepinxcoaeic; 8ev U7idp)(ouv ev8ei^eic; 
aaxd-deiac; axr]piC6[ievoi ae evepYEiaxd eiuxeip^liaxa. 'Oucoc; ua 8o6[ie, oi Tiapajiexpixec; tie- 
pio)(ec; tiou 8ivouv evxovr] e£dpx7]ar] xou [i/|Xouc; ucopdxiar]c; ano xov TipoaavaxoXiajio x/]c; 
)(op8r]c; (8euxepr] Ttepinxcoar]) xai r] YP^^x^ aujiTtepicpopd eYxXcopiajiou (xpixr] TiepiTixcoar]) 
i&a aTio8eix^ouv 6x1 eivai aaxaueic; xdxco ano [iixpec; 8iaxu[idvaei<;. 
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Kecp&Xouo 7 
Av&Xuarj Euaxocdsiac; 



'Ey_o\>Tuc, Tiepiypdcpei xa paaixd xapaxTrpiaxixd tcov utio [ieXst/] xXaaixcov ^opBcov, $a e- 
^£Taaou[ie t/]v euaxordeia auTCOv twv Biaxd^ecov, [ie axoTto va aTO[iovcoaou[i£ tic; cpuaixd 
evSiacpepouaec; nepio^zc, otic, oho'ieq t] avTiaToiyJa AdS/CFT eivai ac;ioTiiaTr). Se auTO to 
xecpdXaio "da 8coaou[ie [iia Y evtxr l Tiepiypacpr] xrjc; avdXuar]c; tcov [iixpcov Biaxu^idvaEtov yia tt]v 
^lexpixr] xr]c; [iopcp/]c; Ec;.(6.1) xai $a e^dyoujiE Bidtpopa aTtoTeXea^axa xa onoia "da \iac, euiTpe- 
(jiouv va avayvcopfooujie tic; euaTcrdeic; xai aaTai}eic; Tiepio)(ec; [is evav auvBuaajio avaXuxixcov 
xai TtpoaeyyiaTixtov [i£$68tov [1]. 



7.1 Mtxpsg Aiocxu^jLotvasLg 

Tia va [ieXeTr]aou[ie tt]v euaTdi}eia tcov Biaxd^ecov, i}a i}ecopr]aou[ie [iixpec; Biaxujidvaeic; yupco 
afio tic; xXaaixec; Xuaeic; tiou [ieXeTr]aa[ie Tipiv. Euyxexpijieva, $a \xekeTT]aov[ie Tpicov eiBcov 
Biaxujidvaeic;, (1) eyxdpaiec; Biaxujidvaeic;, tiou avTiaToi)(ouv otic; ayvor|Ci[iec; auvTeTayjie- 
vec; xdi}£T£c; axov d^ova tou Ceuyouc; oticoc; x, (2) 8ia[i/|xeic; Biaxujidvaeic;, tiou avTiaxoi)(ouv 
axr]v ayvor]ai[ir] auvTeTayjiev/] y xaxd [ir]xoc; tou d^ova tou Ceuyouc; xai (3) ycoviaxec; Bia- 
xujidvaeic;, tiou avTiGTOi)(ouv ot/]v [if] ayvor|ai[iT] auvTeTayjievr] Qecopoujie tt]v Tiapaxdxco 
8iaTapa)(r] ot/]v ejipdTiTiar] 

x = 8x(t,u), y = y c \{u) + 5y(t,u) , = O + 56(t,u) . (7.1) 
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xpaxcovxac; GToedepri t/]v £7iiXoyr| tt]c; pai}[ii8ac; E£.(6.10) Xoyco tou avaXXoicoxou xdxco ano 
BiBidaxaxec; TiapaiiETpoTtoirjaeic;. 1 £t/]v auve)(eia UTtoXoyiCoujie t/]v Bpdar] Nambu-Goto yiot 
auxr]v t/]v UTi6i}ear] xai tt]v avanTuaoujie as 8uvd[ieic; tcov 8iaxu[idvastov. H xeXixr] [iopcpr] 
tt]c; avdnTU^rjc; ypdcpeTai toe; e^/]c; 



5 = So + Si + S 2 + . . . , 



(7.2) 



onou 01 8eixtec; otovq 8idcpopouc; opouc; avxiaxoixouv ot/]v to^t\ tou avanTuy^iaxoc;. O opoc; 
[ir]8evixr]c; xd^ecoc; laouxai [ae tt]v xXaaixr] 5pdar). Me XP 7 ! 07 ] TC0V ^iccoaecov xivr]ar]c; yia tic; 
8ia[ir]xeic; 8iaxu[idvaeic; o opoc; 7ipcoT7]c; Tac;ecoc; \mopd va 8ei)cdei oti eivai laoc; [ie 

1 



51 = - 



2tt 



dtdu 



7yo Sy' 



2F 1 / 2 



(7.3) 



onou xai Eivai oi napdycoyoi coc; upoc; # tcov auvapTrpecov g(w, #) xai f y {u, 6) avxi- 
axoi)(a. O upcoToc; opoc; Eivai enicpaveiaxoc; opoc; xai [inopei va anaXeicpiiki av npoawsaou^e 
axrjv xXaaixr] Bpdar] evav enicpaveiaxo opo tiou 8ev i}a ETirpedaei tic; ec;iacoaeic; xivr\ar\c,. Eto 
BEUxepo opo, o auvTeXeaxr]c; tou 56 eivai oi ec;iacoaeic; xiv/]aT]c; yia to 6 xai [iia avayxaia 
auvdriXT] [ir]8£viG[iou tou eivai /] E£.(6.13). Xprpi^oTioicovTac; auTT] t/]v auvdr|XT] xai [ieid 
aTio aXyePpixec; Tipd^eic;, Ppiaxoujie oti r\ Seuxepac; Tac;ecoc; auveiacpopd [iTtopei va ypacpei coc; 



So 



/ dtdu 

2n 



fx 



2FV2 



<5x 



/2 



2<//y 



2FV2 



2F 3 / 2 y 2F 1 / 2 
fe ggl2 hf e F^ 



h 



2gf y 



Sy 2 
56 2 + 



(7.4) 



otiou oXec; oi auvapT/|aeic; xawcoc; xai oi napdycoyoi auTtov coc; npoc; # eivai UTtoXoyiajievec; 
oto 6 = 6 . IIapaTr]pou[ie oti, [ie t/]v XP 7 ] 07 ] t7 ]<? E£. (6.13), 6Xa Ta e£8r] tcov 8iaxu[idvoecov 
eivai anoauCeuyjieva [i£Tac;u touc;. TpdcpovTac; tic; ec;iacoaeic; xiv/]ar]c; amf}c, tt]c; 8pdar]c; xai 
Xp/]ai[iOTtoicovTac; to oti oi auvapTT]aeic; 8ev e^apTcovTai ano to xpovo t, avanTuaou[i£ ae 
auviaxcoaec; Fourier 



5x"(t,u) = 5x^(u)e~ iult , (7.5) 

1 EvaXXaxxixd, $a y.nopo<ja<xy.e va SiaTcxpd^ou^is xrjv Pai9|ii8a tSstovtczc; m = cr + Su(t,a), xpaxwvxac; to 
y w<; yci(CT) otodc; oto [25]. To TiXeov£xxr)[ia xr)<; emXoyric; [iolq eivai on r] Biacpopixr] s^iaaar] yia to <5y 
eivai mo aaiXri auo auxf] jiol to <5u. Oaxoao, otiwc; -da Sou^ie axr]v Tiapdypacpo 8.2, yia va xa-dopiaou[ie tic; 
auvopiaxec; awQr]xez xcpercei va xpT)oi[io7ioif]aou[i£ to Su avxi yia to Tia XeTixo^epeiec; yia tic; Sidcpopec; 
5uvaT£<; SKiXoyec; paiJ^iSac;, Ssite [27]. 
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xcu PpfoxoujiE tic; axoXowdzc, ouvrfteic, Ypcqi[iix£c; Biacpopixec; e^iacoaeic; Beuxepac; xd^ecoc; 



d 



fx d 



du V F 1 / 2 du 



( jfy 



d 



du V F 3 / 2 dw 



■ hf x FV* 
9fy 



5x = , 



/l 



+ w 



FV2 

2 W 1/2 



fy = 0, 



(7.6) 



0/1/ 



2j pl/2 



~2 _ fyQ Fl/2 8 2 f 
°e9 9f -2 °eJy 



59 = . 



flc, ex toutou, to 7ip6pXr][ia xauopiajiou t/]<; euaTdueiac; tcov Bicad^ecov tcov )(op8cov avdyexai 
axo xauiepcojievo 7ip6pX/][ic( i5iOTi[iC0v yvx touc; Biacpopixouc; teXeotec; tcov xpicov Biaxujid- 
vascov. EuyxExpijiEva, to 7ip6pXr][ia avdyExai as ^ieXett] evoc; 7ipopXr|[icaoc; Sturm-Liouville 



d 

du 



p(u;u ) 



d_ 

du 



r(u; M ) \ ®(u) = uJ 2 q(u; uq)$(u) , u min ^ u ^ u < oo , (7.7) 



onou oi auvapxr]a£ic; p(w; m ), q(u;uo) xai r(-u;-u ) 8i8ovtcu axr]v E£.(7.6) yia t/]v Exdaxoxs 
Biaxu^iavo/] xai e^apxcovxai onto tt]v 7iapd[i£Tpo w [ieaco t/]c; auvdpT/]cr]c; F ott]v E£.(6.16). 
To 7ip6pXr][ia ouveticoc; iao8uva|iSi [is tov xcrdopiajio tcov xijicov t/]<; Tiapajiexpou Mo Y ta Tl( ? 
onoiec; 7] napd^texpoc; u 2 eivai apvr]Tixr|, oBrjytovTac; etch ae aaTdueia tt]<; xXaaix/|c; Xuarjc;. 
HapoTi otic; Ttepiaaoxepec; Tcepiirccoaeic; r\ nepiypacpr] Sturm-Liouville eivai apxeif], ae dXXec; 
Ttepiirccoaeic; eivai mo xo\i<\>r\ r\ Tiepiypatpri tou 7ipopXr|[iaToc; [leTaaxr^axiCovTac; to 7ip6pXr][ia 
[lac, ae tutcou Schrodinger. Via to Xoyo cojto, Tipenei va aXXd^ou^ie jiexapXrjTec; 



x 



du A /- 
V 



du* 



h 



fy - fyO 



$ = (pq)- 1 '^ , 



(7.8) 



onou r] excppaa/] auTTj yia t/]v [iexapXr]Tr| x icyvei xai yia tcx Tpia e(8r] 8iaxu[idvaecov. Me 
tt]v po/]ueia tt]c; E£.(7.8) r] E£.(7.7) ypdtpeTai coc; e^iacoar] tutou Schrodinger 



[is 8uva^iixo 



r p 1,/4 d 

y = 1- 

q g 3 / 4 d« 



d 2 



dx 2 



+ V(o;;mo) 



\ V 2 j 



q J du 



(pq) 



1/4 



= w 2 ^(x) , (7.9) 



~ + (M)- 1/4 ^(P9) 1/4 , (7-10) 



tou excppdCeTai aav auvdpTrpr] \/(-u;-u ) t/]c; [i£TapXr]Tir]c; u ott]v TipcoTT] a)(ear] xai aav 
auvdpTrjar] V^(x; m ) t/]c; [i£TapXr]Tr]c; x ot/]v BeuTepr]. To ioo8uva[io 7ip6pX/][ia Schrodinger 
opiCeTai ott]v Tiepio)(r] x G [0, xq] otiou r) napdjieTpoc; x BiBeTai ano t/]v 
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xo = I du.f^- = f duJ ^ , (7.11) 
Juo V P Ju y Jy JyO 

xai eivai Tteitepaajievr). Auto [iitopei va zmfizfiaia'&zi orno tic; aaujiTTCOTixec; excppdaeic; 
E£.(6.7) xai to yeyovoc; oti p/q ~ u — -u OTav -u — > u^. H axpip/|c; e£dpT7]ar] t/]<; Tta- 
pajiETpou :ro auvapxrpei tt]c; TiapajieTpou wo e^apTaTai coio tic; XeTTOjiepeiec; tou U7topdi}pou 
E£.(6.3). Qaiooo, xp^oijiOTtoicovTac; tic; aaujiTtTCOTixec; excppdaeic; E£.(6.7) Ppiaxoujie oti 

T(l/4) 2 

x(u ) ~ = , OTaV U — > oo . (7-12) 

4V27T M 

Ano to yeyovoc; oti to [ieye^oc; tou 8iaaT/|[iaToc; eivai Tieiiepaajievo auveiidyeTai oti to 
cpdajia tcov 8iaxu[idvaecov eivai xpavTia^ievo xai to yeyovoc; oti eivai 6X0 xai aTevoTepo oto 
UTtepicoBec; U7io8r]Xcovei oti 8ev undpxei xa[i[iia aaTai}eia oto au[i[iopcpo opio tt]Q ^ecopiac;. 
Me tt]v poTydeia tou [ieTaa)(r][iaTia[iou Ei;.(7.8) 01 7iepio)(ec; tou uixepicoBouc; xai tou UTie- 
pui}pou aneixoviCovTai otic; 7tepio)(ec; oto x = xai oto a; = a: avTiGTOi)(a. St/]v tutiou 
Schrodinger Ttepiypacpr], o axoTioc; [lac; eivai va xai}opiaou[ie to eupoc; tt]Q TtapajieTpou u yia 
t/]v OTioia r] i}e[ieXico8r]c; xaxdaxaar] tou Buvajiixou Ei;.(7.10) e/ei apvrpxr] evepyeia. A^iCei 
va a/][ieicoaou[jie, oti ev yevei, 8ev [iuopoujie va Ppoujie tt]v [ieTapXr]Tr| u ae xXeiaTT] excppaar] 
tt]c; [ieTapXr]Tr]c; x xai yia auTO 8ev eivai 8uvaTO va excppdaoujie to 8uva[iix6 aav auvdpT/]- 
ar] tou x. IlapoXa auTa, ae noXkec, nepinTcoaeic; /] excppaar] tou 8uva^iixou aav auvdpTTjar] 
tt]Q [ieTapXr]Tr]c; u 8ivei XP^ 01 ^ 1 ? TiXrpocpopiec;. Tia 7iapd8eiy[ia, av to 8uva[iix6 V(u;uo) 
eivai iSeTixo totc 01 i8ioTi[iec; u 2 eivai Tiavxa ^exixec; xai auveficoc; 8ev urcapxei aaTai^eia. 
H 8e Tcepiypacpr] tou [ieaco t/]c; [ieTapX/]Tr|c; x eivai xprpi[i7] ott]v ecpap[ioyr| 8iaxapaxTixa)v 
[iei}68cov. 



7.2 Euvopiocxsc; aovdrjxsc; 

Tia va xai}opiaou[ie 7iXr|pcoc; to 7ip6pX/][ia i8ioTi[icov, TipeTiei va ecpapjioaoujie xaTaXXrjXec; 
auvopiaxec; auvi}/]xec; yia tic; 8iaxu[idvaeic; oto U7iepui}po u — > oo (x = 0) xai oto U7iepico8ec; 
u = u (x = xo). HexivcovTac; afio t/]v Tiepiypacpir] Sturm-Liuville, t] auvopiaxr] awdf]xy] 
a to UTiepico8ec; [inopei va Ppei^ei euxoXa afio t/]v aujiTiepicpopd tcov 8iacpopixcov ec;iacoaecov 
Ec;. (7.6) a to -u — )> oo. 'Ovtcoc;, ae auTO to opio Ppiaxoujie oti 

4 

$" + = C( M ~ 4 ) , OTav m^oo, (7.13) 
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to otioio UTioBrjXcovel oti to opio, u — > oo eivai eva aitaXsi^ijio avcojiaXo ar)[i£io xai oti 01 
860 ave^dpTTjTec; Xuaeic; (Bpoaxiavr] Sidcpopr] tou [i7]8ev6c;) tt]Q E^.(7.13) £)(ouv t/]v [iopcpr] 

n=0 

00 

$ 2 = d\nu + — Y d n u~ n . (7.14) 

n=0 

Exr)v npcoxr] Xuar], r] 07101a Eivai o[iaX/| oto dfieipo, e)(ou[i£ tt]v eXeu^epia va i}eaou[ie tt]v 
itpoa^ETix/] aTaiDepd Co oto [it]8ev. Tia tt]v 8euTepr] Xuar], r] 07101a aneipiCeTai oto dfieipo, 
eiuXeyoujie to d — 0. Otiote utioi}£tou[1£ t/]v auvopiaxr] auvdrjxr] 



$(«) = , OTav u ->■ 00 . (7.15) 

Me dXXa Xoyia U7ioi}eTou[ie oti r] 8iax6[iavar] 8ev $a eurpedaei Ta dxpa t/]c; )(op8r]c; aTa 
orcoia PpiaxovTai Ta xoudpx xai avTixoudpx. 'Oaov avacpopd t/]v auvopiaxr] auvdr]XT] oto 
UTxepui}po, auTT] afiaiTEi iSiaftepr] 7ipoao)(r], Xoyou tou oti TipeTiei va auppdcjjoujie tov dvco 
xai xaTco xXdBo tt]c; xkuoixr\c, Xuarjc; y c \, tou avTiaToi)(£i aTa 8uo BiacpopeTixd np6ar\\ia 
tt]Q Ec;.(6.15). To ar][ieio u = u eivai smarjc; eva a7iaX£ic|x[io avcojiaXo a/][i£io xai 01 8uo 
ave^dpTTjTec; Xuaeic; [inopouv va avaTTUX'&ouv coc; zirf 2 



$1 = (m-mo)' 



Co + ^C n (M - Mo)' 



n=l 



$2 = d + Y,dn(u-u ) n , (7.16) 



n=l 



onou p = 1/2 yia tic; Biaxujidvaeic; x, 9 xai p = —1/2 yia tic; y. ATiaiToujie oti, otic; 8uo 
TiXeupec; tt]Q xXaaixr]c; Xuar]c;, 01 8iaxu[idvaeic; xai 01 Ttpcoxsc; Tiapdycoyoi auTcov coc; upoc; t/]v 
xXaaixr] Xuar] upeuei va eivai [aec;. Qotooo, auTO 8ev [inopei va yivei xpT]ai[io7ioia)VTac; tt]v 
xXaaixr] Xuar] y c \, aXXd auTr] ae auv8uaa[i6 [is tt]v E£.(7.1). IaoBuvajia, av opiaoujie [iia 
vea ^iSTapXrjTr] w coc; 

■u = -u + 5u(t, u) , <5-u(t, -u) = — ^7-7 r- , (7-17) 



2 TTio , d£Tou[ie oti u > u min- St/]v 7i£pLTiTC0QT] xr)<; iaoxr)xac; 7) 8o[ir] x«v av«|i.aXi(jv sivcxi evxeXtog 
Siacpopexixr] xai i9a e^ETaaxei £v5eXe)(d)<; ae auyx£xpi[ieva uapaSeiY^axa uou i!)a axoXou , df]aouv. 
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r] xXaaixr] Xuar] 8ev BiaxapdoaeTai xauoXou. Autt| t] aXXayr] ^i£TapXr]Tr|c; 8ev en/peaCei 
tic; x xai 9 8iaxu[idvaeic; 5i6ti e)(ouv T£Tpi[i[i£vr] xXaaixr] Xuar] xai £7iei8r| xpaxdjie opouc; 
ypa[i[iixouc; ott]v 8iaxu[iava/]. fiaxoao, ecpoaov ~ (w — Mo) ^ 2 xovxd axo w = Wo, 01 
8iaxu^dvaeic; 5u £)(ouv eva avdnTuy^ia oncoc; ot/]v E^.(7.16) aXXd [is p = 1/2. Ecpoaov, 
yupco caio to a/][i£io auppacpr|c;, oi 8uo xXd8oi tt]c; xXaaix/|c; Xua/]c; eivai au[i[i£Tpixoi xai 
Siacpepouv xaxd eva Tipoar][io, Tipenei va £)( ou ^ e 



= , (7.18) 

U=UQ 

onou to $ avacpepexai otic; 5x, 59 xai 5u Siaxujidvaeic;. Xprjai^oTioicovxac; xai TidXi tic; 
ap)(ixec; [iexapX^xec; otic; Biaxu^idvaeic; Ppiaxoujie, axa avaTiTuyjiaxa E£.(7.16), oaov acpopd 
touc; auvTeXeaxec; Co, c? oti c = yia tic; &e, 59 8iaxu[idvaeic; xai do = yia tic; 
Iao8uva[ia 



5x, 59 : (-u - -uo) 1 ^^' = , OTav it ->■ u^, 

5y: $ + 2(w-w )$' = , OTav w u£ . (7.19) 

Oi auvopiaxec; auTEc; awdf]XEQ yia tt]v auvdpT7]a/] $ oto Tip6pXr][ia tutiou Sturm-Liouville 
piopouv va [iETacppaaTOUv coc; auvopiaxec; auvdypcec; yia t/]v auvdpTrp/] ^ oto Tip6pX/][ia 
tutiou Schrodinger [is Xpr\or\ tcov aau[xriTCOTixcov a)(eaecov x ~ 1/u OTav to -u — > oo xai 
■u — u ~ (x — x) 2 OTav -u — )• Uq xai x — )■ Xq , oi otioiec; aTioppeouv afio tt]v Ec;.(7.8) xai 
tic; auvapTrpeic; p xai g. MeTa afio xdfioiec; aXyePpixec; Tipd^eic;, xaTaXr]you^ie oti yia 6Xa 
Ta ei8r] tcov 8iaxu[idvaecov Tipeuei va ey_ou\ie 



tt(0) = , *\x ) = , (7.20) 

oi otioiec; avTiaTOi)(ouv ae auvopiaxec; auvi}/]xec; tutiou Dirichlet xai Neumann, oto utie- 
pico8ec; xai UTiepuupo avTiaToi)(a. 



7.3 MrjBsvLXOL xpojtoi 

H [iei}o8oc; tiou Tispiypdcpajie, xauopiCei ev yevei tic; nepio^zQ euaTaueiac; tcov Xuaecov, utio 
t/]v TtpouTio'dear] oti Ta TipopX/|[iaTa Sturm-Liouville xai Schrodinger [inopouv va Xui}ouv 
enaxpipcoc;. Qotooo, ae noXXec; nepiTiTcoaeic;, Ta Tip6pX/][iaTa auTa eivai apxeTa TienXey^eva 
xai to tpdajia eivai a8uvaTO va xai}opiaTei avaXuTixd. Ano t/]v dXXr] nXeupd, [inopou[ie va 
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Ttdpoujie xpr|ai[i£c; TiX/pocpopiec; [ieXeTcovTac; eva aTiXouaTepo Tip6pXr][ia, to Tip6pXr][ia tcov 
[i/]8evixcov xpoficov tcov avxiaToi)(cov Biacpopixcov xeXeaxcov. Ee oti axoXouiM, aTio8eixvuou- 
[ie oti (1) 8ev UTidp)(ouv [ir]8evixoi xpoiioi yia eyxdpaiec; 8iaxu[idvaeic;, (2) oi 8ia[i/|xeic; 
[ir]8evixo[ Tponoi Eivai ae avaXoyia eva Tipoc; eva [ie xa uno(|»r](pia axpoxaxa tou [ir|Xouc; L(tio), 
xai (3) oi ycoviaxoi [i/]8evixoi xponoi [iitopouv va Ppei^ouv [ie tioXu xaX/| axpipeia Tipoaeyyi- 
Covxac; to avxiaxoi^o Tip6pXr][ia Schrodinger [ie eva aTieip6pai}po Tir]yd8i. Ta aTioTeXeajiaTa 
auxd i}a eivai xp/|CT(.jj.a yia t/]v avdXuar] tou 9ou xecpaXaiou. 



7.3.1 Eyxdcpaioi ^.y]8evixo[ xpoTtoi 

Ap)(ixd "da "decopriaouiie t/]v nepiTiTcoar] tcov eyxdpaicov 8iaxu[idvaecov. O [ir]8evixoc; Tponoc; 
tiou ixavoitoiei t/]v Ec;.(7.15) eivai: 



Sx 



du / gf v 



fx V fy fyO 



Ju \ Jxjy J JxO V JyO 

onou axo 8euxepo p/][ia xdvajie oXoxXrjpcoa/] xaxd Tiapdyovxec;. H UTiap^r] tou [i/]8evixou 
xpoTiou atrpiCexai axo av [iTiopoujie va ixavoitoir|aou[ie t/]v auvopiaxr] auvdrjx/] Ec;.(7.19), 
8r]Xa8r] va [iTjSeviCexai o auvTeXeaTT|c; tou opou (u — uo) 1 ^ 2 yia xdfioia Ti[i/| t/]<; TiapajieTpou 
■uo- napaxr]pou[ie oti auxo 8ev eivai 8uvaxov xai coc; ex toutou 8ev UTidp)(ouv [i/]8evixoi 
xponoi yia tic; eyxdpaiec; 8iaxu[idvaei<;. Tia auxo, av r\ xajiTjXoTepr] Ti\ir\ tt\q i8ioTi[ir|c; tou 
xeXeaxr] Schrodinger tiou avxiaxoi^ei otic; eyxdpaiec; 8iaxu[idvaeic; eivai i}eTix/| yia [iia u\ir\ 
tt]Q TiapajieTpou u Q , -da napajieivei i}exixr]. 'Ovtcoc;, oitcoc; -da 8o6[ie, ae 6Xa xa Tiapa8eiy^iaTa 
tiou -da [ieXexr]aou[ie, oi xXaaixec; Xuaeic; eivai euaxai^eic; xaTco afio eyxdpaiec; 8iaxu[idvaeic;. 



7.3.2 Aia^Lrjxeic; ^Sevixch xpoTioi 

St/]v auve^eia i}a ^ieXexr]aou^ie tic; 8ia[i/]xeic; 8iaxu[idvaeic;, yia tic; OTioiec; $a aTio8eic;ou^e 
oti oi eTtavaxavovixoTioi/]ai[ioi [i/]8evixoi TpoTioi UTidp^ouv [iovo yia Tijiec; tt]Q TiapajieTpou 
Uq yia Ta UTio(Jjr]cpia axpoTaTa tt]Q auvdpTTjarjc; L(u ), 8r]XaSr| otiou L'{uq) = 0. H anou- 
8aioTr]Ta auTou tou anoTeXeajiaToc; aT/]piCeTai oto oti r\ eupear] UTtot|ir](picov axpoTaxcov tt]Q 



34 



auvdpTTjGTjc; L{uq) yia xdfioiec; xi[iec; tt]c; Ttapajiexpou wo iao8uva[i£i [ie tt]v UTiapi;/] [i7]8evixcov 
tpoiicov yia tic; 8ia[i/|X£ic; 8iaxu[idvaeic;. Via va xaTavorpoujie aux/jv t/]v auvSear] ^i£tac;u 
tcov [i/]8evixcov xpoTicov yia tic; 8icqir|X£ic; 8iaxu[idvaeic; xai tcov U7io(|»r|(picov axpoxdxcov tou 
[i/]Xouc;, Tipeuei va Ppoujie t/]v Xuar] tou [i/]8evixou xpofiou tcov 8ia[ir|Xcov 8iaxu[idvaecov tiou 
ixavonoiouv xr]v E^.(7.13) 



6y 



„ dU Uy-fy«Y' 2 



1 



+ 2 



fy V A /j/0 A \/ fy ~ f': 



du ( -J~gf y 



2 J*p („_„„ 



)- 1/2 + 2 / 

Ju 



du 



f 

J v 



d u 



(7.22) 



Wy 



+ O{(u-u ) 1 / 2 ) . 



1 i/O ' \[Ty TyO \ fy 

Quote, afio t/]v auvopiaxr] auvdr|XT] E£.(7.19) auvendyexai oti unapxei auToc; o xpofioc; av 



wo 



\fly~ fyO \ fy 



. 



(7.23) 



Ett]v auve)(eia TiapaycoyiCoujie t/]v auvdpxrjar] tou [i/]XOUc; Ec;.(6.17) coc; Tipoc; tt]v 7iapd[i£Tpo 
Uq. To anoTeXea^a laouxai [is 



L'(u ) = 



fyC 



fyO Ju 
fyO 



du 



(fy ~ fy*? 12 
du 



r 9fy 



77>l/2 

1/2 1 
yO r 

Jy 



U=UQ 



fyO Juq \[Ty TyO \ fy 



pi/2 ( du fyQ _ fyQ 

dufy fy 



(7.24) 



— T7^ lim 

JyO 



onou oticoc; xai Ttpiv xdva[ie [iia oXoxXripcoar] xcad napdyovxec;. H xeXeuxaia ypajijir] eivai 
[ir]8ev, otcote 



L'(u ) = 2 



f'yo 



du 



d„ 



Wy 



no 



V fy ~ fyO I fy 



(7.25) 



to otxoio Eivai Tieiiepaajievo, ae avTi^ear] [is touc; 8uo opouc; tt]Q 7ipcoT/]c; ypajijar] ttjc; Ec;.(7.25) 
tiou Eivai catoxXivovxec;. EuyxpivovTac; tic; E£.(7.23) xai (7.25) |3piaxou[i£ oti ia Ttidavd 
axpoxcaa tt]Q auvdpxr]ar]c; L(u ) sivai oi [i/]8evixoi Tpoitoi. Euveticoc;, [inopoujie va Ppou^ie 
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to 7ip6a/][io tt\q )(a[i/]X6Tepr]<; i8ioti[i/|c; oo 2 ae oXec; tic; nepioy^ec, avaitTuaovTac; to 8uva[iix6 
Schrodinger a to Uq yupco and xdi}e xpiaijao or}\ido uq c xai PpiaxovTac; av /] i8iOTi[ir| 
aXXdCei Tip6ar][io exei. 

Extoc; afio t/]v TiapaTidvco avdXuar], UTtdpxei evac; evaXXaxTixoc; Tpoitoc; yia va xaiavof]00\j\ie 
t/]v ejicpdvia/] evoc; xpiaijiou a/][ieiou woe- Aev eivai SuaxoXo va aTioSeic;ou[ie oti to 8uva[iix6 
Schrodinger zyzi t/]v axoXou'dr] aujiTtepicpopd otic; opiaxec; xijiec; tt]Q [ieTapX7]T/|c; u, 



V{u; u ) = 2u 2 , OTav u — > oo , (7.26) 

xca 

Ecpoaov to 8uva[iix6 au^dvei ano [iia eXd)(iaT7] Ti[ir] oto dfieipo oto Tienepaajievo 8idaTT][ia 
x G [0, xo], otiou to Xq 8iveTai afio t/]v (7.11), to cpdajia tcov 8iaxu[idvaecov eivai 8idxpnx>. 
EniTtpoa'deTa, av r) eXd)(iaTr] Tijar] Vo xou 8uva[iixou eivai apxexd apv/]Tixr| to 8uva[iix6 
ptopei va UTioaT/]pic;ei 8ea[iiec; xaxaaxdaeic; \iz apvrjxix/] evepyeia xai auTO aujipaivei av r] 
E<;.(7.23) zyz\ Xuar] yia xdfioiec; xijiec; xrf TiapajieTpou uq. H ^leyaXuxepr] Tip] aito auxec; t/]<; 
TiapajiETpouc; eivai r\ u 0c yia t/]v OTtoia r\ pxpoTepr] iSioTiji/] t/]c; evepyeiac; yiveTai [ir]8evixr|. 



7.3.3 rcoviaxoi ^Sevixoi xp6:toi 

TeXoc; i}a i}ecopr|aou[ie touc; ycoviaxouc; [ir]8evixouc; Tpoitouc; oi oitoioi, ae avTi^ear] [ae touc; 
8ia[ir]xeic; xai eyxdpaiouc; 8uo 8ev [iTiopouv va excppaaTouv [ieaco evoc; oXoxX rpcojiaToc; Xoyco 
tou opou [idCac; tiou UTidpxei ot/]v avTiaToi)(r] ec;iacoar] Sturm-Liouville, ott]v xpixr] ypa[i[ir| 
TT)C, Ec;.(7.6). Ato tt]v dXXr] TiXeupd, ot/]v Tiepiypacp/] Schrodinger, [iTiopoujie TipooeyyiCov- 
Tac; to avTiaToi)(o 8uva^ix6, va Ppoujie to TiX/pec; cpdajia tcov 8iaxu^idvaecov \ie noXu ^leydXr] 
axpipeia. AxoXou-dcoc;, i}a Tiepiypdcpoujie auTT|v t/]v 8ia8ixaaia. 

Ap)(ixd 8ivou[ie t/]v auprepicpopd tcov ycoviaxcov 8uva^tixcov Schrodinger aTa opia u — > oo 
xai u = u yia Ta 7iapa8eiy[iaTa tiou i}a [ieXeTr]aou^ie ot/]v auve^eia 

V^uo) = V(oo; u ) = I lim u 2 d 2 9 g , (7.28) 

xai 

V„( Uo ) S V(«„; «„) = dm l h jdk\ + i^2_a| /y0 . (7.29) 

8 ft oieo \goJyoJ * ftojeo 

otiou to opio T/]c; TipcoTT]c; e^iacoar]c; eivai TieTtepaajievo. Ecpoaov to 8uva[iix6 ^exivdei afio 
[iia eXd)(iaTT] Ti[ir] oto Tienepaajievo 8idoxr][ia x G [0,x ], otiou a: 8i8exai afio t/]v (7.11), 
^iTiopou[ie va to Tipoaeyyiaoujie [ie eva aTieip6pai}po Tir]yd8i t/]c; [iopcp/]c; 
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oo , OTioubrjTtoTS aAAou J 

Me xr]v po/]i}eia tcov auvopiaxcov auvdrjxcov Tr]c; E£.(7.20) Ppiaxou^ie oxi to eveyeiaxo tpdajia 
8i8exai auo xr]v 

7r 2 f2n + l) 2 1 

<"n(«o) = 4[ ^ o(Mo)] 2 + 2 ^ W + ' » = 0. !. ■ ■ ■ ■ ( 7 - 31 ) 

napax/]po6[ie oti e)(ou[ie xpr]ai[ionoir|aei Tr]v [iear] Tijar] tou 8uva[iixou yia tic; 8uo axpaiec; 
xijiEc; xr]c; [iExapXr]Tr]c; w. Ixavr] auvdr]XT] (aXXd 6)(i avayxaia) yia va UTidp^ei Xuarj, eivai rj 
TiapaTidvco [iear] ii\ir\ va eivai apvr]Tixr| ae xdfioio Tienepaajievo eupoc; tcov Tijicov xr]c; Tiapa- 
^expou Mo- H xpiai[ir] TiapdjieTpoc; -u c [inopei va Ppei^ei XuvovTac; apii}[ir]Tixd Tr]v ec;iacoar] 
a; 2 (-Uo) — 0. Er][ieicovou[ie oti 8iacpopeTixec; eniXoyec; tou V^poaey 8uvaTec; (oticoc; yia 
Tiapd8eiy[ia r\ [iear] Ti\if] tou Buvcqiixou) aXXd evvoioXoyixd, 8ev Tipoacpepouv xdxi veo. 
To TtXeovexTr][ia tt]Q [iei}68ou tou [ioXic; Tiepiypdcjjajie eivai oti [inopei va 8coaei Tipoaeyyi- 
aTixd to TiXrpec; cpda^ia xcov 8iaxu[idvaecov xai t/]v e^dpTrpr] auTcov afio t/]v TiapdjieTpo wo 
X"pk va xaTacpuyoujis ae Tipo)(copr][ievec; apidjirpxec; [iei}68ouc;. Euyxexpijieva, [inopoujie 
va a)(e8idaou[ie xr] )(a^ir]X6xepr] i8ioxi[ir| w 2 coc; auvdpxr]ar] xr]c; TiapajieTpou m xat va eXey- 
c;ou[ie av eivai [iovoTovcoc; au^ouaa, oticoc; eivai ae 6Xa Ta Tiapa8eiy^aTa [iac;. ETiiTipoa'deTa, 
oticoc; da 8o6[ie, ae [iia TiepiTiTcoar] r) Tipoaeyyiar] tou aTieip6pai}pou Tir]ya8iou eivai xai a- 
xpip/]c;. TeXoc;, i}a 8ei£ou[ie oti undpxei [iia iepap)aa otic; 8idtpopec; xpiaijiec; xijiec; Uo c , n , 
n = 0, 1, . . ., [ie Moc = M oc,o xat M oc,n > M 0c,n+i, Y ia Tl( ? OTioiec; oi avxiaxoi)(ec; i8ioxi[iec; a; 2 
eivai [ir]8evixec; xai yivoxai )(a[i/]XoTepa apvrjTixec;. 

£e auTO to arjjieio i}a [iiropouaa[ie va axecpToujie oti r\ Tipoaeyyiar] tou aTieip6pai}pou tit]- 
ya8iou ■da [iTiopouae va etpapjioaTei otic; 8ia[i/]xeic; 8iaxu[idvaeic;, )(pr]ai[iOTioicovTac; yia Tia- 
pd8eiy[ia t/]v E^.(7.27) coc; t/]v xijar] yia tov TiuiL}[jieva tou Tir]ya8iou, xai etoi va Ppou[ie 
TtpoaeyyiaTixd to TiXr]pec; tpdajia tcov 8iaxu[idvaecov. STa Tiapa8eiy[iaTa [lac,, oticoc; da 8ei- 
c;ou[ie, [iia TETOia ETiiXoyr] 8ivei [ie xaXr] Tipoaeyyiar] to aTtoTeXeajia tt]Q E^.(7.23) yia to 
Uoc, 8ivei ojicoc; xai eva likrj&oc, and apvrjTixec; i8iOTi[iec; oao )(a[ir]Xcovou[ie to -u , to otioio 
epX^Tai ae avTii&ear] [ie Ta yevixd aujiTiepdajiaTa tiou axoXoui}r]aav \ieia Tr]v E^.(7.27). Au- 
ir\ 7] avTitpaar] ocpeiXeTai oto oti to TiXrpec; 8uva[iix6 [ieTapdXeTai xaTa tioXu oto 8idaTr][ia 
[0,xo] xai yia auTO unoaxrjpiCei Xiyoxepec; apvrjxixec; xaxaaxdaeic; aTio oxi r\ Tipoaeyyiar] tou 
aTieip6pai}pou Tir]ya8iou tiou xp^oijiOTioiriaa^ie. 
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7.4 ©StOpLOC 8lOCTOCpOC)(tOV 



'Oxcoc; Ttpoavecpepajie, r\ suo-Tai^eia tcov Xuoecov evavTi tcov 8ia[i/|xtov 8iaxu[idvaecov i}a xa- 
wopiaTEi afio xr]v eupea/] tcov xpiaijicov arjjieicov tou L(uq) xai axr]v auve)(£ia T&ot Xuaou[i£ 
t/]v e^iacoar] Schrodinger yia [iixpec; aTioxXiaeic; tou u and xdwe xpiaijao ar)[izio u 0c [ieaco 
wecopiac; Biaxapax^v. KdvovTac; amo, TipcTiei va 7iapaTT]pr|aou[i£ oti r\ TiapdjiETpoc; uq uxei- 
azpyzim. axo 7ip6pXr][ia 6)(i [iovo \ieaa axo Buvajiixo V(x;uo), aXXd xou axo [ieyewoc; tou 
8iaaxr][iaTO<; x axo otoio opiCexai to 7ip6pX/][ia. Se oti axoXou^ei, ■doc Tiapouaidaoujie tic; 
oxeoeic; t/]<; 8iaTapaxTixr|c; wecopiac; tou eivai xaTaXXrjXec; ae amf]v t/]v TtepiTtxcoar). 
0ecopou[i£ to tuo yevixo 7ip6pXr][ia Schrodinger tou opiCeTai oto 8idaxr]^a [0, xo] [jie Bu- 
vajiixo tou e^apTaTca ano [iia 7tapd[i£Tpo tt , yia t/]v 07101a yvcopiCoujie oti yia opiajieva 
u o = M oc x« l x — x oc f] e^iocoar] Schrodinger (7.9) e^ei [iova8ix/| Xuar] [is 8e8o[ievr] i5ioxi[ir| 
u 2 (fay] [ie to [i/]8ev ott]v Tiepiirccoar] [iac;). Oa weXajie va xawopiaoujie tt]v 8iopi}coa/] axr)v 
i8ioTi[i/] tt]c; evepyeiac; OTav oi TiapdjieTpoi Mo xoii xo uapexXivouv afio -u c xai x 0c aviioioi-)(oi. 
EuxoXa [iTiopoujiE va 8eic;ou[i£ oti 



8V(x) = — - 2V(x; u 0c ) +xd x V(x; u 0c ) \+ 5u d UOc V(x;u 0c ) + . . . , (7.32) 



V(x;u ) = V(x; u 0c ) + SV(x) , 
Sxo 

Xq c 

oxou x G [0, rroc] evco 5uq = u — -u c xai feo = x _ x 0c . St/]v auve)(eia, evac; xpoaexTixoc; 
uxoXoyiajioc;, xpaTcovTac; tou STUcpaveiaxouc; opouc;, 5tvei t/]v [lETaToxiaT] tt]Q evepyeiac; (ae 
TipcoTT] xdc;r]) 



•'<-'()c 



^0c 



_(\J/*\I/' -)_ \J/\J/* 



X 



I* 



' l2 + ( w 2 



















J 



■X'Or 



+ 5u / dx \^(x)\ d UOc V(x;u 0c 



(7.33) 



OTIOU W 



l/)|\l/| 2 [ixopei va ypacpcL evaXXaxxixd \ie XP*} ar } TT l^ e^ocoar]c; Schrodinger 
coc; — | (^"^* + Tia va to 8eic;ou[jie auxo, e)(ou^e UTioi}eaei oti r] XajiiXTOviavr) 

sivai epjaiTiavr], to otioio ia)(6ei oxav oi auvopiaxec; auvdr]xec; eivai Dirichlet, Neumann r] 
ypa[i[iix6c; auv8uaa^6c; auTcov. 

Tia va ecpap[i6aou[jie auTO ot/]v TiepinTcoa/] [iac;, weToujie u 2 = xai iiapaTr]pou[ie oti oi 
TiapajiETpoi x xai u auaxexiCovTai [ieaco t/]c; E^.(7.11). Otiote, r) [iexaTOTiiar] t/]c; evepyeiac; 
Eivai: 



38 



5u 2 = 5uq 



x' (u 0c )V(x 0c ;uoc)\^(x 0c )\ 2 + / dx \^(x)\ 2 d UQc V (x; u 0c ) 

Jo 



(7.34) 



[ie x 0c = xo(moc) xai onou £)(ou[ie XP^ 01 ^ 071017 ! 081 Tl< ? ouvopiaxeg auvdr|X£g Eg\(7.20). 'Oaov 
avacpopd otov Tipcoxo opo, cmo t/]v Tiapaycoyior] TT]g Eg\(7.11) cog Tipog t/]v 7iapd[i£Tpo m , 
Ppiaxoujic 

/•oo A ( h l/2f/-l) 

4(«o) = /i,/ rf« "/r^V • (7 ' 35) 

V ■'3/ •'f 

'Oaov avacpopd axov Beuxepo opo, 7iapaT/]po6[i£ oti r\ Tiapdycoyog cog Tipog t/]v 7iapd[i£Tpo 
Uq 8pa as eva 8uva[iixo V(x; uq) tou otioiou r\ [iopcpr] 8ev eivai ev yevei yvcoaxr]. Tia va 
[lETaTpecpou^e auxr]v tt]v excppaar] as [iia tiou va nzpie^ei to 8uva[iix6 V(u;u ), upenei va 
XdpoujiE imocpiv [iag oti [i£TapdXXou[ie t/]v 7iapd[i£Tpo wo xpaTcovTag t/]v x OTai^epr] xai 
auveTicog r] -u [i£Ta[3dXXeTai. Me dXXa Xoyia, r] d^V^x; uq) 8iveTai afio tt]v a)(ear]: 

Ou 

d U0 V(x; m ) = <9 U() \/(m; u ) + — d u V(u; u ) , (7.36) 

du 

otiou o 8euTepog opo; [iiiopei va imoXoyiaTct [ie XP 7 ] 07 ] T7 ]^ £xcppaar]c; 

a^-jr + fyo]l^-l *> Vft _ u • (7-37) 

oncog upoxunTei ano Tiapaycoyior] TT]g Eg". (7.8), cog Tipog wo- AcaCei va ar][ieicoaou[ie, oti 
av 5u 2 = 0, tote npETiei va 7ipo)(copr]aou[i£ ae $ecop£a BiaTapa^cov avcoTepr]g Ta^ecog ([i£XP l 
va Ppoujis tt]v TtpcoTT] [ir]-[ir]8evixr] BiopiDcoar]) aXXd TETOia oujinepicpopd 8ev auvavTaTai aTa 
7tapa8eiy[iaTa [iag. 



39 



Kecp&Xouo 8 

D3-U7i6|3oci&poc: KXaaixeg Xuasig 



£e auxT] t/]v evoxrjxa, i}a auvocjjiaoujie xa Buvajiixd xoudpx-avxixoudpx xa ortoia e[icpaviCov- 
xai ae UTtoXoyia[iouc; |3p6)("v Wilson ae [ieXavd xai itoXuxevxpixd uu6pai}pa D3 Ppavcov. 
oxonoc, amr}q tt]Q auvo(|)/]c; eivai va TipoaBiopiaoujie xa xpia ei8r] 7ipopXr][iaxixr|c; aujiTiepicpo- 
pdc; tiou avacpepi}/]xav axo xeXoc; xou 6ou xecpaXaiou, xai xa ortoia [iac; o8r|yr]aav axrjv [ieXexr] 
euaxdi^eiac; xcov Xuaecov. Ilepa ano tic, excppdaeic; tt]Q [iexpixr|c;, xo [iova8ixo [ir] xexpi[i[ievo 
tieBio axo U7i6pai}po [iac; Eivai /] auxo8uixr| [iopcpr] xdi;ecoc; Tievxe. Ecpoaov -da epyaaxoujie [is 
xr)v 8pdar] Nambu-Goto, "da xpeiaaxou^ie ^iovo tic, excppdaeic; tt]Q ^iexpixr|c;. 



8.1 MsXocvsg D3 ppotvsg 

'Eaxco eva U7t6f3adpo xo otioio Tiepiypdcpei [iia Beajir] cctio N jieXavec; Ppdvec;. Exo opio 
tt]Q ^ecopiac; TieBiou, /] [iexpix/| ypdcpexai coc; 



A 2 



1 _ ^_ ) d f2 + ^ 
U 1 



+ ti 2 



u 



u 4 - /i 4 



ciw 2 + cifi; 



(8.1) 



onou o opiCovxac; x/]c; [iexpixr|c; f3piaxexai axo w = xai r) $ep[ioxpaaia Hawking eivai 
T = H [iexpixr] auxr] eivai eva eui}u yivojievo xou xcopou AdS 5 -Schwarzschild [ie S 5 
xai Eivai 8uixr] [ie xr]v Af = 4 SYM ae Tiefiepaajievr] i}ep[ioxpaaia. Eivai tiio poXixo yia xouc; 
unoXoyia^iouc; tiou $a axoXoui}/|aouv va opiaoufie aBidaxaxec; Tiapajiexpouc; aXXdCovxac; xr]v 
xXijiaxa oXcov xcov 7toaoxr|xcov [ieaco x/]c; Tiapajiexpou /x. Oexovxac; u — >■ yU-u xai it — >■ /i-u 
xai eiadyovxac; aBidaxaxec; Tiapajiexpouc; yia xo [i/]Xoc; xai xr]v evepyeia coc; e^c;, 



7T 



(8.2) 
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1 

0.87 ■ 





1 2 3 4 5 u -1.5 L ' 

(«) (P) 

£)(r][ic( 8.1: Tpacpixec; Tiapaaxdaeic; tou L(m ) xai £7(1/ ) tcov [isXavcov _D3-Ppavcov. Se auxd 
xai axa a)(r|[iaTa tiou $a axoXouwrpouv, xa 8iacpopa e£8r] ypa[i[icov avTiaTOi)(ouv ae suo-Tai^eic; 
([laupec;), [i£TaaTai}£ic; (yxpi) xai aoia.'&dc, (8iaxexo[i[ievec; yxpi) Bicad^eic;, otiou r] £uaTai}£ia 
$a xawopiaTEi ano tt]v avdXuar] tou 9ou XEcpaXaiou. 

pXenoujie oti 8ev uitdp)(ei e^dpTrpr] otic; TtapajieTpouc; xai i? xai auvencoc; [iitopoujie va 
i}eaou[i£ fi — )• 1 xai i? — >• 1 ae oti axoXouifteL Oi auvapT/]oeic; tcov Ec;.(6.2) xai (6.3) 
e^apxcovxai [iovo aito to -u (avxavaxXcovxac; to yeyovoc; oti oXec; oi ycoviec; eivai iao8uva[iec;) 
xai 8i8ovxai ano tic; o^zoeiq: 



g(u) = 1 , f y (u) = u 1 , (8.3) 

xai 

4 1 4 
7/ 7/ 

/x(«)=U 4 -l, /(?(«) = , %) = T -T> 

avxiaxoixa. Otote Ppiaxoujie oti oi e^iacoaeic; xivrjarjc; (6.11) yia t/]v ytovia 9 ixavorcoiouvxai 
ex TauTOTryuac; yia oXec; tic; Tijiec; tt]Q 7iapa[i£Tpou 9 . 

St/]v auve)(eia, i}a UTioXoyiooujie to 8uva[iix6 tou xoudpx-avxixoudpx au[icpcova [is tov 
cpop[iaXia[i6 tou 7ou xecpaXaiou. Ta oXoxXrpcojiaTa tou [ir]xouc; xai tt]Q evepyeiac; 8ivovTai 
ano [21, 22] 

du 2V2tt 3 / 2 y/u% - 1 /l 3 5 1 



L = 2 \/' - 1 / „ , . , , = v -3 ( - 7 - - ) • (3-5) 

xai 



uo V /( M 4_ 1)(M 4_ M 4 ) r( l/ 4 )2 M 3 4' 4' tig 



M 





- 1 


M 4 


- W 4 



£ = / <M \/^— ri-l)-(«o-l) = -^^«o2F 1 (~ -1,1; (8.6) 



otiou 2 Fx(a, 6, c;x) eivai r\ unepyeco^ieTpixr] auvdpxrjar] xai u > 1. Tia -u ^> 1 e)(ou- 
[ie aujiTxepicpopd tutiou Coulomb evco a to avxi'dexo opio, m — > 1, £X ou K £ Tr ] v axoXou'dr] 
aaujiTiTCOTixr] Xuar] 
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H auvdpxrjar] L(-u ) £X El ^ w °^ IX 6 ^eyiaTO, TO onob [iaCi [J£ xr] avTiaToi)(T] [isyiaTT] evepyaa 
Bivovxai ano [22] 

u c ~ 1.177, L c ~ 0.869, £ c ~ 0.093 . (8.8) 

Via L > L c , [iovo r] aTioxo[i[ievr] Xuar] undp)(Si. Tia L < L c , r\ E£.(8.5) yia 8e8o[ievr] xijar] 
tou [ir]Xouc; E)(Ei 8uo Xuaeic; yia t/]v TtapdjieTpo -u , tiou avTiaToi)(ouv ot/]v [iixpr] xai [isydXou 
[i/]Xouc; x o pS^ avTiaToi)(a xai /] evepyeia sivai [iia 8n:ip] auvdptr]ar] tou [iT|Xouc;. EtciuXeov, 
UTidp)(ei [iia eniTiXeov Ti[ir| tou [ir|xouc;, tiou axr]v TiepiTraoar] [iac; Eivai L c ~ 0.754, ndvco 
ano t/]v onoia r] aTioxo[i^ievr] Sidxa^r] sivou evepyeiaxd TipoTi[ir]T£a xai axr]v onoia r\ jiixpou 
\if\xovq x°pS^ yivexcu [i£TaaTai}r]c;, to ottoio "da [iitopouae va eivai evac; evaXXaxTixoc; xponoc; 
opiajiou tou \ir\xouc, $copdxiar]c;. H aujiTiepicpopd tiou Ttepiypd(|)a[i£ Tiapandvco, ejicpaviCeTai 
aTa S)(r][iaTa 8.1 xai, [ie 8e8o[ievo oti o dvco xXd8oc; tou E(L) anoppinTETai ano cpuorxr|c; 
aTiotJjecoc;, avTiaTOi)(ei ae eva wcopaxiajievo 8uva[iix6 Coulomb. 

8.2 rioXuxevxpLxeg D3 ppavsc; 

Ettjv auve)(eia "da ^ieX£Tr|aou[ji£ tt]v TiepiTtTcoa/] tcov noXuxevTpixcov xaTavojicov D3 Ppavcov. 
Aut£<; avaxaXucpTTjxav coc; opiaxec; TtepiitTcoaeic; Xuoecov tiou Tispiypdcpouv TEpiaTpecpojievEc; 
D3 (3pavec; [29, 30] oto [31, 32] xai av/]xouv ae [iia [ieydXr] xaTaTTjyopia aTio ovve^dc, xaTa- 
vojiec; Ppavcov aT/]v Netopia M xai ikcopia )(op8cov Tidvco ae eXXei(|)oei8r] avarceprjc; 8idaTaar]c; 
[33]. Oi xaTavojiec; auTec; e)(ouv )(pr]ai[iOTioir]'dei oto TiXabio t/]c; avTiaToi)(ia<; AdS/CFT , 
^EXivcovTac; aTio tic; epyaaiec; [34, 22]. Se auTT|v t/]v evoT/pa i}a [ieXeTr]aou^ie tic; nepiTiTcoaeic; 
O[ioi6[iopcpcov xaTavojicov D3 Ppavcov ae 8iaxo xai Tpi8idaTaT7] acpaipa. 

8.2.1 O Siaxoc; 

Eto opio tt]Q wecopiac; tie8iou t] \izipixr\ tcov N D3 Ppavcov tiou eivai ojioiojiopcpa xaTaveji/]- 
\ievec, ae evav 8bxo axTivac; r ypdcpeTai coc; 

ds 2 = H-^i-dt 2 + dxj) + //V2 ^ + r o cos2 du 2 

A u 2 + 

+ i/ 1/2 [(m 2 + rl cos 2 ^)rf^ 2 + r 2 cos 2 ^rffi 2 + (m 2 + r 2 ) sin 2 ^rf0 2 ] , (8.9) 
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OTIOU 

■u 2 (w 2 + rg cos 2 9) 

evco to Biacpopixo cttoi)(Eio dVt\ eivai rj [iexpixr] tt]c; Tpi8idaTaT7]c; acpaipac; S* 3 . Ecpoaov r) [iovt] 
TtapdjiETpoc; r] onoia UTieiaep^exai ax7]v Xuar] t/]<; U7iepPapuT7]Tac; eivai to r Eivai poXixo 
va opiaoujie a8idoTaT£c; TiapajieTpouc; aXXdCovTac; t/]v xXi^iaxa tcov 7ioooTr|Tcov ^leaco t/]<; 
Tiapcqiexpou r . ©exovxac; u — > r u xai m — >■ r -u xai opiCovTac; aBidaTaxec; TiapajiETpouc; 
yia to \if]XOQ xai t/]v evepyeia [ae 

L^—L, E->—E. (8.11) 

r 7T 

f3Xe7tou[i£ OTi 8ev imapxei e^dpxr]ar] ano tic; TiapajiETpouc; r xai R ae oti axoXou'dei. Oi 
auvapT/|oeic; E£.(6.4) xai (6.5) ec^apxcovxai ano tt]v ycovia xai 8iSovTai ano 

</(«, 0) = U + , f y (u, 6) = u 2 (u 2 + cos 2 9) , (8.12) 



xca 



7/2 _|_ poc^ f) 

f x (u,9) = u 2 {u 2 + cos 2 6) , f e (u,9) =u 2 + cos 2 6 , h{u,6) = \ — , (8.13) 



avTiaxoi)(a. Oi ectiacoaeic; xiv/]ar]c; (6.13) yia t/]v ycovia 9 ixavonoiouvxai [iovo yia 6*0 = 
xai 9 = 7r/2, oi otioiec; avTiaToi)(ouv ae op-doycoviec; xai napdXXrjXec; itpoc; to 8iaxo Tpo)(i£<;- 
Tia va UTtoXoyboujie to 8uva[iix6 tou xoudpx xai avTixoudpx, i}a ec;eTaaou[ie tic; 8uo auTec; 
Tpoxiec;- 

• #o = 0. Se auTT]v t/]v TtepiitTCoar), Ta oXoxXrpcojiaTa tou avTioToi)(ouv yia tic; a8idoTaT£c; 
TiapajieTpouc; tou \ir\xouc, xai tt]Q evepyeiac; eivai [22] 

} du 



2«o\/mq + 1 



2u k' 



'Uo 



u^{u 2 + l){u 2 -u 2 ){u 2 + u 2 + l) 



2 , - [n(/c /2 , fc) - K(fc)] (8.14) 



xai 



E = I du 



u 2 + l 



U ( 



M 



W 2 — Mq)('U 2 + Mq + 1) 

= ^2uJ+l[k' 2 K(k)-E(k)] , (8.15) 

otiou K(fc), E(fc) xai II(a, fc) eivai Ta nXr]pr] eXXeiimxd oXoxXrjpco^iaTa upcoTou, Seurepou 
xai Tphou eiBouc; avTiaTOi)(a xai 
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. 5ar«» " 



(«) (P) 
£)(r][ia 8.2: Tpacpixec; Tiapaaxdaeic; tou L(u ) xai axov Biaxo yia # = 0. 

eivai to opioya (modulus)xai to aujiTXrpcojiaTixo opiajia tcov eXXeittixcov oXoxXrjpco[idxcov. 
Via m ^> 1, e)(ou[ie oujiTspicpopd tutou Coulomb xai oto avTii}£TO opio, w — » 0, e^(ov\ie 
tt]v aaujiTiTCOTixr] aujiTepicpopd [22] 



L ~ 7r(l — M ) , 



7T 



(8.17) 



Se auTT]v tt]v TepiTxcoor], r] auvdpxrjar] tou [lypcouc; L(-u ) yvrpicoc; cpi}ivouaa auvdpTTjor], 
tt]c; OTOiac; to [ieyiaxo eivai oto -u 0c = xai eivai ioo [ie L c = n. Via L > L c , undp)(Ei ^iovo 
r] afioxo[i[ievr] Xuar], evco av L < L c , r] Ec;.(8.14) e)(ei [iova8ixr| Xuar] yia 8e8o[ievr] xijar] 
t/]<; TiapajiETpou wo xai /] evepyeia eivai [iovoTiji/] auvapxTjar] tou [i/]Xouc;. H aujiTepicpopd 
tou Tepiypdc|ja[ie TiapaTidvco, ejicpaviCeTai aTa E)(r|[iaTa 8.2, xai avTiaTOi)(ei as $wpaxio[ievo 
8uva[iix6 Coulomb. 

• 9 = n/2. £e auTT] tt]v TispmTCoar), Ta oXoxXrpcojiaTa yia tic; aBidaxaxEc; tiooottjtsc; tou 
avTio"xoi)(ouv oto \ir]XOQ xai tt]v evepyeia eivai 

du 



L = 2ui 



no Uy/(u 2 + l)( U *-U*) 



2ul 



xai 



E 



\/ M + u \ 



u 



n 



Ui 



,k) -K(k) 



(8.18) 



l/,r 



otou Tcopa 



k 



^(u 2 + 1)^-4) ^MTT 

■. K(k) - Jul + ul E(k) + 1 , 



«0 



duu 



o V^+T 



uz 



ul + ul ' 



fc' = y/l^¥ 



U9) 



3.20) 
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u 



(«) (P) 
£)(r][ia 8.3: Tpacpixec; TiapaaTaaeic; tou L(u ) xai axov 8iaxo yia # — k/2. Avacpe- 

poujie 6x1 to \ir]XOQ i}copdxiar]c; eivai [iixpoxepo ano to avTiaToi)(o axr]v Ttepurtcoar] 9 = 
xaxd eva TiapdyovTa 860. 



xai w> (w<) aujipoXiCouv to [ieyaXuxepo (^uxpoTepo) ^texac;u tou uq xai 1. Sto opio u — >■ 0, 
e)(ou[ie tt]v aaujiTiTCOTixr] aujinepicpopd [22] 



L ^2 



1 — Mn I 111 — ft 



1 4 / 8 3 
--■u n I In — — - 

Mr 



(8.21) 



Auxr] 7] aujixepicpopd eivai xoioxixd rj 181a [ie tt]v 7ipor]you[ievr] TtepiTtxcoar). 



7T 



.221 



Euyxpivovxac; tic; Ttepixxcoaeic; 9q = xai #0 = 7r/2, [ioXovoti 01 aujinepicpopec; eivai avdXoyec;, 
01 excppdaeic; yia to \ir\xoc, i}copdxiar]c; 8iacpepouv xaTa evav TiapdyovTa 860. O xapdyovxac; 
auToc;, eivai apxeTa ^teydXoc; [iidc; xai 8ev avajieveTai o 7ipoaavaxoXio[i6c; tt]Q xophf}Q va 
exrjpedCei ae tetoio pai}[io Ta cpuaixd [ieyei}/] t/]<; $ecopia<; pai}[i£8a<;. Aut/| r\ aau[icpcov£a $a 
exiXudei axo tt]v avdXuar] t/]<; euaTdi}eia<; tt]Q xkaoixf}c, Xua/]c;. 



8.2.2 H TpiBi&axotTY] acpocipoc 

To opio tt]Q Netopia 7ie8iou yia tt]v [iexpixr] A D3 |3pavcov o[ioi6[iopcpa xaxave[ir][ievwv xdvco 
ae [iia xpi8idaTaTT] acpaipa axTivac; r laouxai ^e 

ds 2 = H~ x l\-dt 2 + rfxi) + H 1 ' 2 ^ ~f° ^ du 2 

u 2 — r-Q 

+ H 1/2 [(u 2 -rl cos 2 6)d6 2 + u 2 cos 2 6dnl + (u 2 -r 2 ) sin 2 6d<f) 2 ] , (8.23) 

OTIOU 

^ = 2/ 2 ^2 ^ • ( 8 - 24 ) 

M 2^2 _ r ^ cog 2 flj 
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napaxr]pou[ie oti [iTiopoujie va Tidpoujie auxr]v t/]v Xuar] afio t/]v [iexpixr] tou Biaxou E£.(8.9) 
yia r\ — >■ — r 2 ,. KdvovTac; tic; i8iec; xavovixoTcoir|Geic; oxcoc; Tipiv, Ppiaxoujie oti oi auvapT/|a£ic; 
Ec;.(6.4) xai (6.5) e^apxcovxai ano t/]v ycovia # xai 8i8ovTai axo 

</(«, 9) = 2 / , /„(«, 9) = u 2 (u 2 - cos 2 9) (8.25) 

xai 

/^) = M V-cos 2 £), f e (u, 9) = u 2 - cos 2 9 , h(u,9) = — — , (8.26) 

u z — 1 

avTiaToi)(C(, xai oi e^iacoaeic; xivrjarjc; (6.13) yia t/]v ycovia 0, ixavoitoiouvxai yia = xai 
= 7r/2. St/]v auve)(eia i}a ec;eTaaou[ie [ie XeTCTOjiepeia auTec; tic; 8uo TxepiTixcoaEic;. 

• O = 0. Tia auTT] tt]v TiEprnxcoar), oi aBidaTaTcc; TtoaoxrjTec; tou avTiaxoi)(o6v oto \ir\xoc, 
xai tt]v evepyeia 8i8ovTai afio [22] 



L = 2u Jul-l 



du 



no U\J (u 2 - 1)(U 2 - ul)(u 2 -j- Mg 1) 



2w n A;' 



xai 



/ 



Y [n(/c /2 , fc) - K(k)] 



(8.27) 



u \ 



(u 2 -u 2 )(u 2 + u 2 -l) 



- («o - 1) 



OTIOU 



= sj2u 2 - 1 [k' 2 K{k) - E(k)] + 1 , 

k = , Uo , k! = VT^ 



(8.28) 



(8.29) 



Tia uo 1, /] aujiTiepicpopd eivai tutou Coulomb, evco oto avTii}eTO opio, 8r]Xa8r| -u — > 1, 
£)(ou[ie tt]v aaujifiTCOTixr] auptepicpopd [22] 

u - 1 



L ~ v/2( Mo - 1) 



In 



w - 1 



In 



M - 1 



(8.30) 



H auvdpTr]ar] tou [ir|Xouc; L(u ) E)(Ei eva oXixo [ieyiaTO. H i}ear], r] Ti[i/| tou [ir|Xouc; xai t/]c; 
avxiaxoi)(r]c; evEpyEiac; eivai [22] 



u 0c ~ 1.125 , 



1.002 , £ c ~ 0.063 . 



(8.31) 



Tia L > L C) UTidpxei [iovo r) afioxo^evr] Xuar]. Tia L < L c , r\ E£.(8.27) yia 8e8o[ievr] xi[xr\ 
tou [if]Xouc; E)(ei 8uo Xuaeic; yia t/]v 7iapd[iETpo mq x ai ^ evepyeia eivai 8iTi[i/] auvapTTjOT] 
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(«) (P) 
£)(r][ia 8.4: Tpacpixec; Tiapaaxdaeic; tou L(m ) xai -E(£) ax/]v acpaipa yia # = 0. Er][ieico- 
vou^ie t/]v ejicpdviar] 8uo xXa8cov ott]v Tiapdaxaar] E(L). 

tou [ir]Xouc;. H aujiTtepicpopd tiou Tiepiypdcpajie TiapaTidvco, ejicpaviCexai axa E)(r|[iaTa 4 xai [i£ 
8e8o[ievo oti o dvco xXdBoc; aTioppiTixexai afio cpuaixr]^ afiocpecoc;, ouvendyeTai oti avTiaToi)(£i 
ae ucopaxia^ievo Suva^iixo Coulomb. 

• 6q = 7r/2. Se auxT] t/]v TiepinTcoar], xa oXoxXrpcojiaTa tiou avTiaToi)(ouv otic; aBidaxaxEt; 
TiapajiETpouc; tou [ir|Xouc; xai t/]<; evepyeiac; eivai[22] 



xai 



E 



roc. 
J u 



L = 2u\ 



duu 
y/u 2 — 



'«() 



du _ V2 



u 



%r — Ur 



"o 



duu 



nl 5 ,t 



«0 



K(fc) 



(8.32) 



i v 7 ^ 7 ! 



-| [K(/c) - 2E(*)] . (8.33) 



OTIOU 



k 



'u§ + l 
2u 2 ' 



k' = 



(8.34) 



Tia u Q ^> 1, e)(ou[ie aujiTiepicpopd tutiou Coulomb, evco axo avxiuexo opio, u — >■ 1, £)(ou[i£ 
xr]v aaujiTiTCOTixr] aujiTiepicpopd [22] 



In 



16 



m - 1 



2 v / 21n(l + v 7 ^) 



E 



1 



2^ 



In 



16 



Uq - 1 



3.35) 



H auvdpT7]a/] tou [i/]XOUc; L(-u ) eivai [iia yvrpicoc; cpuivouaa auvdptr]ar] tiou aTieipiCexai 
oxav r\ TiapdjiETpoc; w — > 1 xai [i7]8eviCeTai oxav u — > oo xai auveTttoc; 8ev UTidpxei [ieyiaTO 
[i/]Xoc;, evco r) e^iacoar] (8.32) iyti [iova8ixr| Xuar] yia 8e8o[i£vr] Ti\xr\ tou m , xai rj E eivai [iia 
[iov6xi[ir] auvdpx/]ar] tou L. Okote, cpaivEiai oti 8ev ucpiaxaxai cpaivojievo ucopdxiar]c; aXXd, 
au^icpcova \xz t/]v axoXouur] e^focoar] eva 8uva[iix6 eyxXcopia[iou 



£ ~ — , 

2 ' 



yia L > 1 , 
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(8.36) 



2 

1.7 




(«) (P) 

S)(r][ia 8.5: Tpacpixec; TiapaaTdoeic; tou L(m ) xai ot7]v acpaipa yia #o — 7r /2- £r][ieico- 

voujie tt]v UTiap^r] evoc; 8uva[iixou eyxXcopiajiou yia L >> 1. 



to otioio 8ev avajievoxav, 8e8o[ievou oti r) 8uixr| ikcopia pai}[ii8ac; Eivai r\ H — 4 SYM [28]. 

EuyxpivovTac; tic; TiepiitTobaeic; yia # — xai #o — tt/2, a/][ieitovou[ie oti t] TioioTixr] au- 
[iixepicpopd tou 8uva[iixou cpaiveTai va eivai TeXeicoc; 8iacpopeTix/|: air\ TipcoT/] TiepiTrucoa/] to 
8uva[iix6 Eivai [iia 8iTi[ir] auvdpTrpr] tou fir)Xouc; L xai exTeiveTai [i^XP 1 ^ va [i^Y lCTTO P^o^j 
evco ott]v 8euTepr] TiepiTiTtoar] to 8uva[iix6 U7idp)(ei yia xdi}e xijir] tou [ir|Xouc; xai "TaXav- 
TCOVExai' ^iexac;u [iiac; GUjiTcepicpopdc; Coulomb xai evoc; 8uva[iixou eyxXcopiajiou. Qaxoao, 
tetoiec; 8iacpopeTixec; noioTixec; aujiuepicpopec; 8ev avajievovxai afio [iia afiXr] aXXay/j upo- 
aavaxoXia[iou tt]Q )(op8r|c; xai, eTunpoaweTa, r\ UTiap^r] evoc; 8uva^iixou eyxXcopiajiou eivai 
anpoa86xr)Tr). Kai Ta 8uo auTa C^^aTa da emXu'douv afio t/]v avdXuar] euaTaweiac;. 
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Kecp&Xouo 9 

D3-U7i6|3oci&poc: AvocXuar) suaxocdsiac; 



Se auxo to xecpdXaio $a £cpap[i6aou[ie t/]v avdXuar] t/]c; euaTdi}eia<; tiou avaitTU^ajie axo 
7o xecpdXaio yia tic; xXaaixec; Xuaeic; tiou auvotpiaajie axo 60 xecpdXaio. 6a (3pou[ie oti 01 
[ieXavec; D3 Ppdvec; xai r\ acpaipa yia 9 = i}a e)(ouv [iia aaTdi}eia tiou ocpeiXexai axic; 
8ia[ir]xeic; Biaxu^idvaeic;, xai r] acid-deia auxr] Ppfoxexai axov dvco xXdBo tt]Q xaptuXrjc; tt]Q 
evepyeiac; coc; auvdpxr]ar] tou [i/]XOUc;, evco o Biaxoc; xai r] acpaipa y ta #0 = tt/2 e)(ouv 
aaTdi}eia aio UTiepui}po tiou ocpeiXexai axic; ycoviaxec; Biaxujidvaeic;, Tiapoxi to 8uva[iixo exei 
eivai [iia [iovoti[17] auvapTrp/]. 

9.1 Eu^OpCpT) TCEpiTCTCOCyT] 

Qc; eva anXo Tiapd8eiY[ia, xai aav eXeyx 01 ? ouveTieiac;, $a [ieXe"cr|GOU[ie Tipcoxa tt]v au[i[iopcpr] 
nepiTiTcoar], /] OTioia avTiaxoi)(ei oxo opio /1 -)• rj r 4 tcov TiapaTidvco Xuaecov. £e auxr]v 
t/]v TtspiTiTCoar), xa Buvajiixd Schrodinger eivai 

V x (u;u ) = 2u 2 , 

V e (u-u ) = 0, (9.1) 



„4 _ „,4 

K,(w;w ) = 2 



u — M5 



9 ' 

onou o Beixttjc; avTia"coi)(ei gt/]v avuaToi)(r] 8iaxu[iavar]. H aXXayr] [iexapX^xcov t/]c; E£.(7.8) 
8ivei 
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r i/4 2 1 , . 

x = 1 'J. — . 9.3 
4^ M 



otiou, x G [0, xq] \xe 



Ecpoaov oXec; oi ec;iacoaeic; Schrodinger opiCovTai ae eva TieTiepaajievo 8idaTT][ia [ie $exixd 
8uva[iixd, oi avTiaToi)(ec; evepyeiaxec; i8ioxi[iec; eivai "denxec; oitoxe 8ev UTtdpxei aaxd'deia. 
Oi ec;iacoaeic; tiou avTiaTOi)(ouv otic; oy^tozic, (7.6) yia tic; eyxdpaiec; (5x) xai tic; 8ia[i/|xeic; 
(cfy) Siaxu^idvaeic; BiBovTai afio tic; E£.(7) oto [23] xai t/]c; Ec;.(16) oto [24] avTiaToi)(a. 
H auyxpiar] yia tic; 5x eivai e[icpavr|c; av xdvou^ie aXXay/] auvTeTay[ievcov -u = l/z xai 
enavavo[idaou[ie z m = l/u , otiou r] [ieTapXr]Tr| z xai /] TiapdjieTpoc; z m eivai auTec; tiou 
Xp/]oi[iOTioiouvTai oto [23]. Tia tic; 5y, r\ auyxpiar] yiveTai [ie t/]v i8ia aXXayr] [i£TapXr]Tr]c; 
xai cfy = MqM 2 (m 4 — Wq) -1 / 2 ^, otiou <5|/ eivai r] [iexaf3Xr]Tr| -u oto [24]. EniTipoa'dETa, ecpoaov 
r] ave^dpT/]Tr] [ieTapX/]Tr| ott]v E^. (16) tou [24] eivai r] y(x otov aujipoXia^io touc;) TipeTtei 
emor}c, va xp^cnionoiriaou^e tt]v a)(ear] tcov Siacpopixcov cfa/, du (dy = ul/u 2 (u 4: — vfy^^du) 
oticoc; amf] Tipoxuircei afio tic; xXaaixec; ec;iacoaeic; xivr]ar]c; (6.15). 



9.2 MsXocvsq D3 Ppdvsg 

St/]v auve)(eia e^eTaCoujie t/]v euaTai^eia tcov [ieXavcov D3 Ppavcov, otiou r\ evepyeia eivai 
\xia h'm\ir] auvdpT7]a/] tou [ir|Xouc; tou Ceuyouc;. Ta Buvajiixd Schrodinger yia Ta Tpia siBrj 
tcov 8iaxu[idvaecov SivovTai afio 



u" — u. 



,6 



i 



V x (u;u ) = 2 

V^(«;«o) = 0, (9.4) 
v „ n ^ 12 -^ 8 -(44-3K + ^ 

Atio t/]v E£.(7.11) Ppbxoujis tt]v Ti[ir] tou dxpou Xo 

T(l/4) 2 1 /l 1 3 1 \ 

[ie tic; aaujiTiTCOTixec; aujiTiepicpopec; va BivovTai afio t/]v E£.(7.12) xai 

x (u ) ~ ln(w - 1) + 7r+ g 1164 + OK " 1) • (9-6) 

To Suvajiixo V x eivai "dexixo yia oXec; tic; Tijiec; tou u , xai ouveticoc; t] Xuarj eivai euaTai}r]c; 
xdxco afio eyxdpaiec; 8iaTapa)(ec;, ae aujicpcovia [ie Ta yevixd anoTeXeajiaTa tt\q evoxrjTac; 
(7.3.1). Eiuarjc;, to Buvajiixo Vg eivai ex TauToxrjTac; ^ir]8ev, to otioio ar][iaivei, oti yia 
TieTiepaa^ievo xq, to cpdajia eivai i}eTixo xai r] Xuar] eivai eTiiar]c; euaTai}r]c; xaTco afio ycoviaxec; 
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Biaxu^idvoeic;. Avxi^eta, to 8uva[iix6 V y <;exivdei and [iia apvr]Tixr] T\.[xr\ oto arp-zio u = uq 
X] onoia Bivexai ano tt]v a^ear] 

V^o = — | , -8 < V y0 < (9.7) 

xai aujiTiepitpepeTai oncoc; ott]v E£.(7.27) yia -u — > oo. Tia va e^exdaoujie tic; aoxd'deiec; xdxco 
ano 8ia[ir]xeic; 8iaxu[idvoeic;, $a etpapjioooujie xa aTOTeXeojiaTa xrjc; Ttapaypdtpou (7.3.2) xai 
tic; ec;iocooeic; t/]c; i^ecopiac; Siaxapa^cov tt]c; Tiapaypdtpou (7.4) oto 7ip6pXr][ia [iac;. Bpfoxoujae 
oti UTxdpxei [ir]8evix6c; xponoc; yia tic; 8ia[ir|xeic; 8iaxu[idvoeic; oto o/][ieio m = w 0c otiou to 
■uoc 8£8eTai Xuvovxac; apid^irjTixd tt]v Ec;.(7.23), r] OTioia ot/]v TiepiTiTcoo/] [iac;, eivai 

9 (I 7 9 1 \ (I 3 5 1 \ 

H e<;focoor] auTr] ex et I 110 ' Xuo/] xai 8ivetcu ot/]v E£.(8.8), -u c — 1-177. IIpoxei[ievou va 
Ppoujie tt]v aXXayr] ot/]v i8ioxi[ir] tt]c; evepyeiac; yia [iixpec; 8iaxu[idvoeic; tt]c; TiapajieTpou 
■u yupco ano to u 0c , ap^ixd xpr]oi[ion:oiou[ie t/]v TtpcoTT] ypa[i[ir| t/]c; E£.(7.22) coots va Ppoujie 
tt]v axpip/] extppaor] yia tov [ir]8evix6 Tpoxo tiou avTioToi)(£i otic; 8ia[i/|xeic; 8iaxu[idvoeic; 

1.463 „ /3 3 1 7 ut 1 

onou Fi(a ;&i,&2,c ;£,?/) eivai rj UTtepyecojieTpixr] ouvdpT7]or] Appcll t/]c; oxoiac; r] xavovi- 
xoTtoirpr] eyive [ieoco t/]<; avTioToi)(7]c; xu^iaxoouvapTrjorjc; Schrodinger 



1.463 lu A -ut „ /3 3 1 7 1 

'•Oc 



Ohote, )(pr]oi[i07ioicovTac; tt]v E£.(7.34), Ppioxoujie t/]v e£r|c; [leTaTOTtio/] ot/]v evepyeia 

<5w 2 ~ (51.9 + 29.6 - 20.1) 5u = 61.4 5u , (9.11) 

otiou o xdi}e opoc; [ieoa ot/]v Tiapevdeor] avTiitpoocoTteuei t/]v ouveiocpopd tou avTioToi)(ou 
opou TTjc; Ec;.(7.34). Ottote, r\ X°P^ t^ydXou [i/|Xouc; (dvco xXd8oc;) (u < u 0c ) eivai a- 
aTa"dr]Q (Su 2 < 0) xai /] X°P^ ^^P ^ [ii^xouc; (xaTco xXd8oc;) eivai euoTai}/]c; (5u 2 > 0). 
Suveticoc;, r] avdXuor] t/]<; euaTd'deiac; t/]c; xXaoixr] Xuo/]c; eivai oe oujicpcovia [ie Ta evepyeiaxd 
ETii)(eipr][iaTa, oticoc; auTO tpaiveTai oto S)(ir][ia 8.1 (P) . 

TeXoc;, a^iCei va avatpepoujie oti t] napaTidvco oujinepicpopd ir]c, [ieXavr]c; D3 Ppdvr]c; ejicpavi- 
CeTai oe xdi}e \ieXavf\ onf\. IIio ouyxexpi[ieva, xdi}e [ieXavr] our] [inopei va npooeyyioTei coc; 
evac; X"P 0( ? Rindler yupco ano t/]v nepiox/] tou opiCovTa. 'Oncoc; 8ei^a[ie avaXuxixd yia tov 
)(copo auTO oto TiapdpTr][ia C tou [2], r] evepyeia aXXr]Xeni8paor]c; evoc; [ieooviou eivai [iia 
8ixXaSr] ouvdpTr]or] tou [i/]xouc; xai o dvco xXdBoc; eivai BiaTapaxTixd aoTai}/|c;. 
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9.3 rioXuxsvTpixsc; D3 ppotvsc; 



TeXoc;, -da fieXexriaou^E; xr]v TtepiTnxoa/] tcov TtoXuxevxpixcov D3 Ppavcov, tcov otoicov oi upo- 
pXr][iaTixec; 7iepio)(£c; e)(ouv avatpepwei axo teXoc; tou 6ou xecpaXaiou. Euyxsxpijieva, $a 
7iapouaidaou[ie Ta aTtoTeXeajiaxa t/]c; avdXuar]c; £uaTdi}£iac; oXcov tcov TtepiTtTcoaecov [ieXexr]- 
aajie axr]v Ev6ir}ioi 8.2. 

9.3.1 O Siaxoc; 

Via tt]v xaxavo^ir] tou Biaxou, oi 8uo eniTpeitToi TtpooavaToXiojioi tt]c; )(op8r|c; avTiaToi)(ouoav 
as $copaxia[ievo 8uva[iix6 Coulomb, xai Ta [i/|XT] $copdxiaT]c; touc; Biacpepave xaxd evav 
TiapdyovTa 2. Ta aTiOTeXsajiaTa tt]c; avdXuar]c; tt]Q euaTdweiac; t/]c; xXaaix/|c; Xuar]c; yia touc; 
8uo TtpoaavaxoXio^ouc; eivai 

• #o = 0. Se auxT] tt]v TtepiTtTCoar], £x ou K £ Ta Suvajiixd Schrodinger 

8m 8 + 18m 6 + 11m 4 - [2u 2 (u 2 + 1) - l]w 2 + u 2 (u 2 + 1) 



4u 2 (u 2 + l) 2 



2m 6 + m 4 + [6u 2 (u 2 + 1) - 1]m 2 + 3 M 2 K + 1) 
^(«.«o) = Au 2 (u 2 + 1) 2 ' (912) 

8m 8 + 18m 6 - [8w 2 (w 2 + 1) - 11]m 4 - [6u 2 (u 2 + 1) - l]u 2 - 3w 2 (w 2 + 1) 

Vy{u;u ) = , 9 , 9 — ttq , 

yv 4w 2 (w 2 + l) 2 

xai r] avTiaxoi)(r] xijir] tou dxpou xo eivai 

Xo = V2A;' 2 - 1 K(fc') , (9.13) 

onou A;' eivai to au[i7iXr]pco[iaTix6 opiajia tou opiaajie ot/]v E£.(8.16). Oi aoujinxcoTixec; 
aujxrcepicpopec; tou x BivovTai ot/]v E£.(7.12) xai 

x (u )~-\n^ + O(ul\nu ) . (9.14) 

Ecpoaov Ta Buvajiixd V x xai V y Eivai weTixd yia oXec; tic; xijiec; tt]c; TiapajieTpou tto, Xuarj 
eivai euaxa-dric; xaTco afio eyxdpaiec; xai 8ia[ir|xeic; Biaxujidvaeic;, aujitpcova [ae Ta yevixd 
aTioxeXeajiaTa tt]Q evoTTjxac; 7.3 Xoyco anouoiac; axpoTaTou ott]v auvdpT/]ar] tou [irjxouc;. 
Ano tt]v dXXr] TtXeupd, to 8uva[iixo Vg eivai apvr]Tixo as 6X0 to eupoc; t/]<; TiapajieTpou u , 
[is Tijisc; yia u = uq xai w — >■ 00 va BivovTai ano 

v °° = - 2 + 2WTT - 2< ^<4' 

V^oo = • (9.15) 
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Via va ec;eTdaou[ie tt]v euaTa^eia t/]<; Xuar]c;, $a )(pT]ia[ioTtoir|aou[ie t/]v Ttpoaeyyiar] tou 
aTieip6pai}pou 7ir]ya8iou Ec;.(7.30) xai $a [ieXeTr|aou[ie t/]v aujiftepicpopd tt\q [iixp6TepT]c; 
i8ioTi[i/]c; aav auvdpTTja/] tt]c; TiapajieTpou wo- Bpiaxoujie oti eivai [iia yvrpicoc; auc;ouaa 
auvdpTTjar] r] onoia c;exivd ano apvrjTixec; Tijiec; yia m = xai aXXdCei 7ip6a/][io ae [iia 
xpiai[ir] Ti[i/] M c- H Ti[i/] auTT], xai to avTiaTOi)(o \if\xoc, xai evepyeia, BivovTai 

M 0c ^ 0.48 , L c ~ 0.59vr , £ c ~ -0.15 . (9.16) 

fic; ex toutou, OTav r) anoaxaar] [i£Ta$6 xoudpx xai avTixoudpx eivai [ieyaXuxepr] ano L c , oi 
[iixpec; 8iaxu[idvaeic; t/]c; ycoviac; aTxoaTa'deponoiouv t/]v xXaaixr] Xuar] xai xaTa auveneia 
to 8uva[iix6 tou Ceuyouc; eivai ava^iOTiiaTO. Euvencoc;, to TipayjiaTixo \ir\xoc, $copdxiar]c; 
8ivexai ano tt]v Seuxepr] oy_zor} tt]Q E£.(9.16) xai eivai auyxpiaijio [as to avTiGTOi)(o \ir\xoc, 
ot/]v 6q = 7r/2 TiepmTCoar). 

• #o = tt/2. Se auTT]v t/]v TtepiitTCoar), Ta 8uva[iixd Schrodinger Bivovxai aim tic; 

2m 6 + u 4 + w 4 



V x (u;u ) 



W 4 



V y (u;u ) 

xai r\ Ti[if] tou dxpou x laouTai [ie 



Ve(u;u ) = 1, (9.17) 
2m 6 + m 4 - 2w 4 w 2 - 3ug 



wv ' u; ^ W 4 



V M o + M l 

otiou eivai to opiajia nou opiaT/pce ott]v E£.(8.20). Oi aaujinxcoTixec; Ti^iec; tou Bivovxai 
ano t/]v E£.(7.12) xai 

x («o) ^ -ln^ + O(^lnw ) ■ (9.19) 
v 8 

Ecpoaov, Ta 8uva[iixd 14 xai Vg eivai i}eTixd, r] Xuar] eivai euaTai}r|c; xaTco ano eyxdpaiec; xai 
ycoviaxec; hajapa^zc,. Emarjc;, [ioXovoti to e^ei eva apvrpxo \iepoc, yia xdnoio BidaTTj^ia 
T/]c; [ieTa(3Xr]Tr]c; u, to yeyovoc; oti r\ auvdpT/]ar] tou [arjxouc; 8ev iyei axpoTaxa arjjaaivei oti 
r) Xua/] eivai enlace; euaTai}/|c; xaTco ano 8ia[ir|xeic; 8iaxu[idvaei<;. 

ot6)(oc; auTT]c; t/]<; avdXuarjc; eivai va Bei^oujie oti Ta 8uo \ir\xr\ i!kopdxiaT]c; yia tic; 8uo 
8iacpopeTixec; opiaxec; ycoviec; otic; onoiec; to 8uva[iix6 tou Ceuyouc; [inopei va unoXoyiGTei 
eivai aT7]v upd^r] to 1810. Suvencoc;, av to auaT/][ia c;exivrpei ano 6 = xai L c < L < tt, 

01 [iixpec; 8iaxu[idvaeic; fla o8r]yr]aouv to auaT/][ia TeXixd oto 6 = ir/2. 



9.3.2 H TpiBi&axotTY] acpaipa 

Tia t/]v acpaipixr] xaxavojir], oi 8uo eniTpeTiToi upoaavaToXia^oi tt]Q )(op8r]c; o8/]yr]aav ae 
TeXeicoc; 8iacpopeTixec; aujiTtepicpopec; xai ae eva 8uva[iix6 eyxXcopiajiou yia = tt/2. 



53 



#0 = 0. Se auTT]v tt]v TtepiitTCoar), £)(ou[j.s xa Buvajiixd Schrodinger 
8m 8 - 18m 6 + 11m 4 + [2u 2 (u 2 - 1) - l]u 2 + w 2 (w 2 _ ^ 



K,(u;u ) = 



4w 2 (w 2 - l) 2 



2 M g - m 4 + [6m 2 (m 2 - 1) - 1]m 2 - 3m 2 (m 2 - 1) 
^(«'«o) = 4m 2 ( M 2 - I) 2 ' (9 ' 20) 

8m 8 - 18m 6 - [8u 2 (u 2 - 1) - 11K + [Qu 2 (u 2 - 1) - l]u 2 - 3u 2 (u 2 - 1) 
VvWUo) ~ Au 2 {u 2 _ 1)2 > 

xai t/]v xi[i/] tou dxpou Xo 

x = Vl- 2k' 2 K(k') , (9.21) 

onou fc' eivai to au[inXr]pco[iaTix6 opiajia nou opiaxr]xe axr]v E£.(8.29). Oi aoujinxcoTixec; 
au[iTiepicpopec; tou x Bivovxai ano tt]v E£.(7.12) xai 

so(«o) ^ I - y K - 1) + O(«o - I) 2 • (9-22) 

Ecpoaov na 8uva[iixd 14 xai Vg eivai 'dexixd yia oXec; tic; xijiec; t/]c; napa[i£Tpou -u > ^ Xuor] eivai 
euaTai}r]c; xdxco ano eyxdpaiec; xai ycoviaxec; Siaxu^idvaeic;. Ano nrjv dXXr] nXeupd, to Buvajii- 
xo c;exivd ano apvr)Tixec; Tijaec; xai axr]v auve)(£ia yivexai Ttkxixo. EnavaXajipdvovTac; t/]v 
avdXuor] t/]c; £v6T7]Tac; 9.2, Ppiaxoujie oti undp)(£i aaTai}eia otic; 8ia[ir|X£ic; Siaxujidvoeic; yia 
Tijiec; tt]c; napajienpou wo [iixpoxepec; ano tt]v xpiaijar] xijir] -u 0c tiou Bivexai axr]v E£.(8.31). 

• #o — 7r /2- Se auxT] t/]v nepmTcoar], xa 8uva[iixd Schrodinger Bivovxai ano tt]v 

2m 6 - u 4 - ui 



V x (u;u ) = 



u 



A 



V e (u;u ) = -1 , (9.23) 
2m 6 - m 4 - 2w 4 w 2 + 3w 4 



V^(w;«o) = 

Ub 



xai r] Ti[iT] tou axpou Xq eivai 



/Ot-2 _ 1 

x o — Y 2 ' (9-24) 

onou to opiajia opioTr]X£ ott]v E£.(8.34). Oi aoujinxcoTixec; xijiec; tou rr BivovTai ano t/]v 
E£.(7.12) 

x ( Mo ) - In ^-Z_L + (K - 1) 1b(«o - 1)) • (9.25) 

Ecpoaov Ta Buvajiixd V x xai V y eivai $£Tixd yia oXec; tic; xijaec; tic; napajiETpou tt . ^ Xuarj 
eivai euaTa-dric; xdxco ano eyxdpaiec; xai 8ia[ir]xeic; BiaTapaxec, au[icpcova [ie Ta yevixd ano- 
xeXeajiaTa tt]Q £voT/]Tac; (7.3). Ano tt]v dXXr] nXeupd, to Buvajiixo V# ey^ei [iia aTai}epr] 
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apvr]Tixr] xijar] xai xaxd auveTieia /] upoaeyyiar] tou afieipopaupou 7i/]ya8iou eivai axpi^rjc;. 
E^exdCovxac; t/]v aujiTiepicpopd tt\c, [iixpoxeprjc; i8ioxi[ir|c; Uq, Ppiaxou^ie oti eivai [iia yvrpicoc; 
au^ouaa auvdpxrjar] <;exivcovxac; ano apvrjiixec; Tijiec; yia w = xai aXXdCovTac; Tip6or][io 
yia [iia xpiai[ir] Ti[ir| m c [*£ 

u 0c ~ 1.14 , L c ~ 1.7 , £ c ~ 0.22 . (9.26) 

Otiote, av to \ir\xoc, tou Ceuyouc; eivai [leyaXuxepo ano L c , oi [iixpec; 8iaxu[idvaeic; t/]c; 
ytoviac; ua cmoojci'dzpoitoiffsouv t/]v xXaaixr] Xuar] xai to 8uva[iix6 tou Ceuyouc; da eivai 
ava^ioTuaxo. Ecpoaov to ypa[i[iix6 8uva[iix6 eyxXcopiajiou avxiaToi)(ei as [i/|XT] jieyaXuxepa 
aiio to L c tt]c; E£.(9.26) yia to otoio e)(ou[ie aaTaueia, xaTaXr|you[ie ae eva ucopaxiajievo 
8uva[iixo tutiou Coulomb ^ie [ieyioxo \ir\xoc, to L c . O oToyoc, amr\Q tt\c, avdXuarjc; eivai va 
8ei^ou[ie oti r] ypa[i[iixr] oujiuepicpopd eyxXcopiajiou eivai aaTaurjc; xai oti xai Ta 8uo eivai 
ucopaxiajieva Suvajiixd tutcou Coulomb, [ie auyxpiaijia \if\xf] ucopdxiarjc;. 
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Kecp&Xouo 10 

Opiocxsg KapafjLopcpcoaetc; D3 (3pavtov 



£e auTO to xetpdXaio, i}a i}ecop/|aou[ie tic; opiaxec; Sia^iopcpcoaeic; Lunin-Maldacena [17] tcov 
Xuaecov Ppavcov, 01 OTioiec; eivai Buixec; otic; opiaxec; Tiapajiopcpcoaeic; Leigh-Strassler [19] 
T7]<; J\f = 4 SYM. KdTco ano auTec; tic; opiaxec; Biajiopcpcoaeic; rj A/" = 4 SYM e)(ei ofidaei ae 
A/" = 1 SYM.AuTa Ta UTi6pai}pa )(apaxT7]piCovTai ano [iia [iiyaBixr] Tiapd[ieTpo /3 = 7 + tct 
(onou r eivai to ac;i6vio-8iaaxeX6vio (axion-dilaton) tt]c; ^ecopiac; )(op8cov IIB xai 7, a 
eivai Tipay^iaTixec; TiapdjieTpoi) 01 07101a ott]v $ecopia pai}[ii8ac;, avTiTipoacoTieuei t/]v [iiya8ix/| 
cpdar] nou UTtdpxei a to UTiepSuvajiixo Leigh-Strassler (otiou t eivai r] [iiya8ixr| aTai}epd 
Ceuc;r]c;). £uyxexpi[ieva, i}a [ieXexr|aou[ie opiaxec; Bia^iopcpcoaeic; tou au[i[ioptpou UTiopdi}pou 
AdS 5 x S* 5 [17] xai tcov TioXuxevTpixcov UTiopdi}pcov nou avTiaTOi)(ouv ae D3 |3pdvec; 01 
OTioiec; xaTave^iovTai Tidvco ae [iia acpaipa xai ae eva Biaxo [35]. Tia tt]v avditTUc;/] auTcov 
tcov napa8eiy[idTcov i}a )(peiaaTou[ie yevixeuaeic; tcov anoTeXea[idTcov nou TiapouaidaTTjxav 
aTa KecpdXaia 6 xai 7 xai 01 OTioiec; avaTiTUY^xav Bie^oBixd otic; evoirjiec; 2 xai 3 tou [2]. 



10.1 Eu^OpCpT) ICS ptTCT CO 0"]f] 



Sexivoujie ano tt]v Tiapa[i6ptpcoar] tou au[i[ioptpou UTiopdi}pou AdS 5 x S 5 , aXXdCovTac; t/]v 
xXi[iaxa tcov TiapajieTpcov Tiapa[i6ptpcoar]c; coc; 7, <r) — > g s cr) xai ypdtpoujie t/]v 

^leTpixr] coc; 

■ 2 /dw 2 



ds 2 = H 1 ' 2 



|_ + dx 2 + rfy 2 + ^2) + ^2 / ^_ + dQ 2^ 



(10.1) 



otiou c?Sl| ^ eivai r\ [iexpix/| Tidvco ott]v Tiapajioptpcojievr] TievTaBidaTaTT] acpaipa, r\ onoia Bivexai 
ano 



dtt 2 5J} = d9 2 + G sin 2 Odcpl + cos 2 #[# 2 + £ (sin 2 + cos 2 ^#3) 
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+ g\f3\ 2 cos 4 9 sin 2 9 sin 2 2ij(d(f> 1 + d(p2 + d(f) 3 ) 2 , 



(10.2) 



xai oi auvapT/peic; Q xai ft Bivovtcu ano 

£- 1 = 1 + 4|/3| 2 cos 2 #(sin 2 + cos 2 9 cos 2 ^ sin 2 V) , 
ft = 1 + 4CT 2 cos 2 #(sin 2 # + cos 2 #cos 2 V;sin 2 ^) . (10.3) 

H Xuct] 7tepie)(£i xai eva ^ ^t)8evixo tieBio Kalb-Ramond to otioio, ot/]v TiepiTiTcoar] tiou r\ 
7iapd[i£Tpo<; Tiapa[i6pcpcoar]c; 7 [ir]8eviCexai, laouTai [is 

B 2 = - cos 4 sin 2^(d0i + d(p 2 + d(p 3 ) A t# , (10.4) 
2 

xou £7io[ji£vcoc; Eivai tt]c; [ioptpr|c; (2.2) xou [2]. Via t/]v avdXua/] euaxd'Oeiac; auTr|c; t/]<; [ae- 
Tpix/|c;, 01 eyxdpaiec; auvTETayjiEVEc; Eivai 01 (x, z, ^1,2,3), tic; 0« va Eivai auCsuy^iEVEc; 
[iexac^u touc; xou oXec; va sivai aTcoauCEuyjievec; onto t/]v 8ia[ir|XT] auvTETayjievr] y. Oi ycovia- 
xzq auvTETayjievec; Eivai 01 (9,ip) xou Eivai aTcoauCEuyjiEvec; r) [iia ano t/]v dXXr). H e^igcogt] 
xivr]ar]<; yia tic; ycoviaxec; auvT£Tay[i£V£c; (6.13) (yia tic; (9, if))) xawopiCei tic; ETtiTpEHTSc; 
ycoviaxec; Bieu-duvaeic; t/]c; x o p8^<; oe (9o,i/j ) = (0, 7r/4), (AojV'o) = (0,0 lj 7r/2) (01 860 em- 
Xoyec; yia to ^0 oBrjyouv ae iao8uva[ia aTiOTeXeajiaxa) , (9q,i(jq) = (tt/2, 07ioia8/|7iOTe), xou 
{9o,4>o) = (sin _1 (l/v^3), vr/4). Sr][ieicovou[ie eiuarjc; oti yia tic; Tpo)(iec; [ae # = 7r/2, r) [i£Ta- 
pXrjTr] ^ eivai [iia anoouCEuyfiEvr] eyxdpaia auvTETayjievr] xai enojievcoc; 01 Biaxujidvaeic; t/]c; 
Eivai euoTa'deic;. Eniarjc;, r] Tiapouaia tou [ir] [ir]8evixou TieBiou Kalb-Ramond ott]v E£.(10.2) 
o8/]yei oto oti yia tic; ipoy^sc, [ie (9 ,ip ) = (0, 7r/4) xai (9o,ipo) = (sin _1 (l/-\/3), 7r/4) t] 
ycoviaxr] 8iax6[iavar] <5?/> xai 01 eyxdpaeic; <50j eivai auCeuyjievec;. Q01600, 01 auCeuyjie- 
voi opoi eivai avdXoyoi tt]Q i8ioTi[ir|c; u> (Bee; E£.(3.6) tou [2]) xai yia auTO 8ev eT/ped- 
Couv Ta aTioXea^iaTa tt]Q avdXua/]c; [aac; r\ 07101a aT/piCeTai otouc; [ir]8evixouc; Tponouc;. Via 
(9o,ijjo) = (0,0 r\ vr/2), (ir/2, OTioia8r|7iOTe), 01 Biaxujidvaeic; 5ip xai 5<pi eivai a7toauCeuy[ie- 
vec;. 

Exrjv TiepiTiTcoar] [iac;, r] evepyeia [xitopei va 8o$ei coc; auvdpxrjar] tou 8uva[iixou ae xXeiaTT] 
^opepy] 

s(i ) = * (ff )("ni7¥i) ' (ia5) 

onou k(cr) Eivai evac; TiapdyovTac; tiou ec^apTaTai ano tic; ycoviec; xai t/]v TiapdjiETpo a, xai 
/] [iopepr] tou i}a 8oi}ei aTa 7iapa8eiy[iaTa tiou •Qa axo\ovdi\aovv (yivsxai laoc; [iE eva yia 
ct = 0). O TiapdyovTac; evtoc; TiapEvdsaEto^ eivai to anoTeXeajia ot/]v aujijiopepr] nepiTiTcoar] 
[20], Bivovxac; t/]v ava[iev6[ievr] aujinepicpopd Coulomb Xoyco unap^c; tt]Q auyxexpijievrjc; 
au[i[i£Tpiac;. S/][ieicovou[ie oti r\ uixapc^r] 7 7iapa[iopcptoa£cov acprjVEi auTov napdyovTa coc; E)(Ei, 
extoc; xai av Ta xoudpx xai avxixoudpx PpiaxovTai ae anoaxaar] coc; Tipoc; xr]v Txapajiopcpco^iEvr] 
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(deformed)eacoTepixr| acpaipa [36]. 

'Oaov acpopd t/]v euaTdi}eia, 01 eyxdpaiec; xai Biajirjxeic; Biaxujidvaeic; eivai euaTai}efc;, evco 
6Xa xa Buvajiixd Schrodinger yia tic; ycoviaxec; TaXavTcooeic; e)(ouve tt]v [iopcpr] 

Ve,v> = a e ^(cr)u 2 , (10.6) 

onou ae t ^(a) eivai auvapTr|aeic; tiou e^apxcovxai afio t/]v ycovia xou t/]v TiapdjieTpo a xai tcov 
ottoicov t/]v [iopcpr] i}a 8oi}ei axa TiapaBeiyjiaTa tiou $a axoXoui^rpouv. H excppaar] yia t/]v 
^exapXrjxr] Schrodinger x coc; auvdpxrjar] tt]Q \iZTap\r\Tf\c, u eivai 

1 /l 1 5 «*\ , 
* = -^l4'2-4'?l (107) 



I/, 

xai, avTioToi)(a, r] xijar] xou dxpou x eivai 



r 1/4 2 1 

x = . 10.8 



AoTd'deiec; [iitopouv va aujipouv [iovo edv xdfioio and Ta ae^(a) eivai apv/]Tixo. MoXovoti 
r] E£.(10.7) 8ev [iTiopei va avTioTpacpei ae xXeiaxr] [iopcpr] coc; npoc; t/]v [iexapXr]Tr] u yia 
va Ppoujie [iia avaXuTixr] Xuar] axo Tip6pXr][ia Schrodinger, [iTiopoujie va Ppoujie eva xdxco 
cppdyjia yia to c Tidvco afio to otioio e)(ou[ie aaTai&eiec;. IlpcoTa avacpepoujie oti 8ev layyei 
X] TTpoaeyyior] tou aTteip6pai}pou Ti/]ya8iou, 8i6ti to 8uva[iix6 ixavoitoiei tt)v E<;.(10.6) xai 
coc; ex toutou 8ev [iTtopei va $ecop7]i}ei aTai}epd evTOc; tou 8iaaTT|[iaTOc; [0,rr ]. Via va 
(3pou[i£ eva cppdyjia yia to a, TiapaT/poujie oti oto au[i[iopcpo opio u/u ^> 1, to 8uva[iix6 
TipoaeyyiCeTai toe; V^y, ~ ag^(a)/x 2 otiou x ~ 1/u. Tots, ecpapjioCovTac; yvcoaTec; Te)(vixec; 
aiio t/]v xpavTO[ir]xavixr] [37] Ppfoxoujie oti av ag^ < —1/4, to 8uva[iix6 eyei eva dfieipo 
7iXr|i}oc; xaTaaTaaecov apvrpxr] evepyeiac; [ie aTioTeXeojia, /] Xuar] yiveTai aaTai}/]c; yia xdi}e 
Ti[ir] TT]<; Tiapa[i£Tpou u . H TiapaTr]p/]ar] auTT] [iac; 8ivei eva cppdyjia yia t/]v 7tapd[i£Tpo a. 
Ta aTioTeXeajiaTa yia tic; eTUTpeircec; ipoyiec, eivai 

• (9o,ipo) = (0,7r/4). £e auTT]v t/]v TiepiTtTcoor] sxo^H- s 

fc((7) = v^T^, a»W = j^» M*) = ~YT^ ■ ( 10 - 9 ) 



Tfidp^ouv aaTdi}eiec; afio tic; 8iaxu[idvoeic; yia cr > ~ 0.258. Ecpoaov oto 

UTiepico8ec; 6Xa Ta opiaxd Tiapa[iopcpcoai[ia UTi6pai}pa eivai aaujiTTCOTixd tou UTiopdi}pou tiou 
86i}t]X£ otic; Ec;. (10.1), (10. 2), to dvco cppdyjia eivai xai}oXixo ecpoaov r\ avTiaTOi)(7] Tpo^id 
undpxei. 'Oncoc; da Soujie r\ ipoyia amf\ UTidp)(ei eiuarjc; ot/]v TiepiTiTcoar] tt]c; Biaxou xai t/]<; 
TpiBidaTaTTjc; acpaipac;. 

• (6*o, ■?/>()) = (0, /] 7r/2). 'Otiou, exoujie 

fc(ff) = 1 , a e (cr) = a^(cr) = 4a 2 , (10.10) 
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xai ouvencoc; 8ev undp)(ouv ycoviaxec; aaxdrdeiec;. 

• (9 ,ip ) — (vr/2, 07ioia8/]TiOTe). 'Otiou, ey_o\j\ie 

k(a) = l, a e (a)=Aa 2 , (10.11) 
xai auvETicoc; emar\c, 8ev undpxouv ycoviaxec; aoTacQziec,. 

• (0 O , ^o) = (sin-^l/v^W^. 'Otiou, 



W = V 1 + ^' a e (a)=^(a) = -^-^. (10.12) 

Tfidp)(ouv aaTai}eiec; yia tic; Biaxu^idvaeic; 50 xai 50 yia a > a/3/28 ~ 0.327. Auto to 
cppdyjia 8ev undpxei ott]v jiepuraoar] tcov noXuxEvxpixcov xaTavojicov D3 Ppavcov 8i6ti 8ev 
UTidp)(ei r] avTioxoix^ Tpo)(id. 



10.2 H TpiBiocaxocTT) acpoctpoc 

Exrjv auve)(eia $a i}ecopr]aou[ie t/]v Tiapajiopcpcoar] tou unopdi}pou nou avTiaTOi)(£i ae [iia 

xaxavojir] D3 Ppavcov ndvco ae [iia TpiBidaxaxr) acpaipa axTivac; r . XprpijiOTioicovTac; a8id- 

R 2 tq 

oTaTEc; [iovd8ec; (u — >■ r M ,-u — >■ r u , L — > — L , £ — >■ — E 1 ), ypdcpoujie t/]v [iETpixr] coc; 
[35] 



ds 2 = V}' 2 {h- 1 / 2 (-dt 2 + dx 2 + dy 2 + dz 2 ) + H 1 / 2 ^ f° C °f e du 2 
y ' u 2 — r-Q 

+ H 1 ' 2 [(u 2 - r 2 cos 2 6)d6 2 + Q(u 2 - r 2 ) sin 2 9d<p\] 
+ H l ' 2 u 2 cos 2 9 [dip 2 + £(sin 2 i\)d<& + cos 2 ^# 2 )] 



+ 



rr1/2 |/3| 2 ^M 2 (M 2 -r 2 )cos 4 0sin 2 0sin 2 2^ , ,, ,, iin2 1, 
# V M2 - r gcos^ (#1 + #2 + #s) f (1013) 



[as 



x 2 2 (w 2 — t-q) sin 2 + u 2 cos 2 cos 2 ip sin 2 -0 

y = l+4|p| COS 9 5 o~n 



u 2 — r 2 cos 2 

2 2/i ( m2 ~~ r o) s i n2 9 + u 2 cos 2 cos 2 ip sin 2 ^ 

7t = 1 + 4a cos - 5 — , 

U z — Tq cos z u 

^ u 2 {v? — r 2 , cos 2 9) ' (10.14) 
Avacpepoufjie zidorf oti ot/]v nepiTiTcoar] [iac; undp)(ei [ir] [i7]8evix6 7ie8io Kalb-Ramond to 
onoio yia 7 = 8iveTai ano tt]v Ec;.(10.4). Ee auTr|V t/]v nepiTiTcoar] r] e^iacoar] xiv7]a/]c; yia 
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tic; ycoviaxec; auvTeTayjievec; eTUTpenei [iovo tic; Tpeic; npanec; Tpo)(iec; tiou npoavacpepi^aav 
axr]v au[i[iopcpr] Tiepnrccoar], (^0,^0) = (0, 7r/4), (^o^o) = (0,0r|7r/2) xai (^O)V'o) = 
(7r/2, OTioia8/]TioTe). 

Exrjv auvexeia $a [ieXeTr|aou^ie auTec; tic; nepiTTTcoaeic;: 

L(uq,(t) = —= 2M ° [ll(a 2 , k) - K(fc)] , (10.15) 



"0 1 + CT 2 



S(«o, v) = VTT^ I ^--i-^ [a 2 K(A;) - E(*)] + E(c) - I ^K(c) J 



OTIOU 



A: 



(10.16) 



(10.17) 



E/][ieicovou[ie oti xa anoTeXeajiaTa auTa 8ev e^apxcovxai ano t/]v napdjieTpo 7. O Xoyoc; 
aval oti, oticoc; npoavecpepwei aT/]v au[i[iopcpr] TiepiTraoar], i&ecopou[ie ticoc; xa xoudpx xai 
avxixoudpx 8ev Ppiaxovxai ae anoaTaor] coc; upoc; t/]v napa[iop(pco[ievr] eaortepixri acpaipa. H 
Xprpr] tou Ppo^ou Wilson yia tov UTioXoyia[i6 8uva[iixcov ott]v nepiTraoar] auxr], aXXd [ie 
[i/]8evix6 a, eyivav axo [36]. 

Tia a — 0, r] aujinepicpopd tou [irjxouc; xai t/]c; evepyeiac; eivai 181a [ie tt]v nepurccoar] tiou 
8ev e)(ou[ie Tiapajiopcpcoar] (S)(r][ia 10. ly). 'Oao auc;dvou[ie to a, 01 xaptuXec; tou [irjxouc; 
xai tt]Q evepyeiac; [ioidCouv [ie tic; iaoi}ep[iec; xaptuXec; van der Waals yia eva aTaxiaxixo 
auoTT][ia [ie m , L xai i2 va avTiaTOi)(ouv otov oyxo, t/]v mean] xai to 8uva[iix6 Gibbs 
(8eiTe yia napd8eiy[ia [38]). Euyxexpijieva, UTidp^ei [iia xpiai[ir] Ti[ir] tou a, r\ onoia 8ivexai 
ano Ccr^ ~ 0.209 (to otioio Ppei}r]xe avaXuTixd oto [39]), xaTto ano tt]v onoia to auaTT][ia 
aujinepicpepenai aav eva aTaTiaTixo auGTT][ia yia T < T cr (E)(T][ia 10.18) xai ndvco ano tt]v 
onoia to auaT/][ia aujinepicpepenai aav eva aTaTiaTixo auaTT][ia yia T > T cr (E)(/][ia 10. ip). 
Tia \it] [i/]8evixd a, e^oujie t/]v auvr^r] au[inepicpopd Coulomb yia [ieydXa u ([iixpd [if|XT]), 
evco oto avTiweTO opio, -u — 1> 8/]Xa8r| [ieydXa [ir]xr], 01 aau[iTra>ruxec; aujinepicpopec; tcov 
Ei;.(10.15) xai (10.16) o8/]youv oto ypa[i[iixo 8uva^iixo 

E~^L. (10.18) 

Tia va ec;eTaaou[ie tt]v ar][iaaia tcov anoTeXeojidTcov, eivai ar][iavTixo va ec;eTaaou^ie t/]v 
euaTaueia tcov avTiaToi)(cov 8iaTa^ecov )(op8cov. 

Ta yevixd [iac; aTioTeXeafiaTa 8ei)(vouv oti /] Xuarj eivai euaTai}/]c; xaTco ano eyxdpaiec; 8iaxu- 
fidvaeic;. Tia tic; 8ia[i/]xeic; 8iaxu[idvaeic;, to yeyovoc; oti to L(u ) e^ei 860 axpoTaTa u^\a) 
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(«) (P) (Y) (8) 

T,yf\\ia 10.1: Ta xeaaepa yevixd e(8r) au[ixepitpopcov xcov L(u ) xai £'(L) xou axavxcovxai 
as uxoXoyia^iouc; Pp6)("v Wilson axa xXaiaia x/]c; AdS/CFT , xai avxiaxoi)(ouv ae (a) 
[i/] UTiap^r] axpoxdxcov, ucopaxia^ievo r] [xr\ 8uva[iix6 Coulomb, (p) [ir] uxapi;/] axpoxdxcov, 
ae 8uva^ix6 Coulomb xai eyxXcopiajiou, (y) eva axpoxaxo, 8(xi[io Suva^ixo xai (8) 8uo 
axpoxaxa, xXeioxi^ia 8uva[iixd. Ta 8iaxexo[i[ieva x[ir|[iaxa xcov xajixuXcov aujipoXiCouv tic; 
nepio^ec, xou eivai aaxau/|c; xdxco axo 8ia[i/|xeic; 8iax/][idvaeic;. 

xai Wq c 2 ^(o") yia < a < aifi uxo8/]Xcovei x/]v uxapi;/] aaxaueicov axic; 8ia[ir|xeic; 8iaxu[idvaeic; 
ax/]v Tiepio)(r] u^\a) < u < u^\a) (E)(r|[ia 10.18) ax/]v xpcoxr] xepixxcoar), xai ax/]v [ir] 
UTiap^r] aaxaueicov (S)(r][ia 10. ip) ax/]v Seuxepr] xepixxcoar). 

Tia va eXevc;ou[ie av ovxcoc; r] [iixpoxepr] i8ioxi[ir| cjg aXXdCei np6ar][io ae auxec; tic; xijiec;, xpay- 
^iaxoxoir|aa^e apiu[ir]xixr| avdXuar] x/]c; oxoiac; xa axoxeXeajiaxa cpaivovxai axo Sx 7 !! 10 ' 10-2(3 
xai r] oxoia axo8i8ei x/]v ava[iev6[ievr] aujixepitpopd. TeXoc;, yia xic; ycoviaxec; 8iaxu^idvaeic;, 
xa avxiaxoi)(a 8uva[iixd Schrodinger 8ivovxai axo xepixXoxec; extppdaeic;, pXexe Ei;.(A.13) 
axo xapdpxr][ia A xou [2]. Sexivcovxac; axo xo 8uva[iix6 Vg, Ppiaxoujie oxi eivai i&exixo yia 
a < 0.71, evco ejacpaviCei apvrjxixo \iepoq yia a > 0.71 xai coc; ex xouxou [ixopei va ejicpaviaei 

(0) 

8ea[iia xaxdaxaar] apv/]xixr|c; evepyeiac;. H eupear] x/]c; xpiai[ir]c; ii\ir\c, a C r xdvco axo xr]v 
oxoia [ixopei va uxdp^ouv 8ea[iiec; xaxaaxdaeic; yivexai [leaco x/]c; xpoaeyyiarjc; xou axeipo- 
Paupou x/]ya8iou xai laouxai [ie ai?- 1 ~ 0.78, xai 7] oxoia eivai apxexd xovxd ax/]v axpip/] 
xi[i/] (Tcr' ) ^ 0.805 r] oxoia Ppei}r]xe axo apiu[i/]xixr| avdXuar). Kaucoc; xo o au^dvei xdvco 
axo x/]v Ti[ir] auxr], r] avxiaxoi)(r] xpiaiji/] xi[i/] x/]c; xapajiexpou Mq c xX/]aidCei xr]v 1.097 oxav 
r) xapdjiexpoc; a yivexai xoXu [leydXr]. MeXexcovxac; xic; Siaxu[idvaeic; Sift, yia xov 1810 Xoyo 
xou xpoavecpepuei axr]v au[i[ioptpr] xepixxcoar] yia xr]v i8ia xpo)(id, uxdp)(ei [iia xpiaijir] u\if] 
cTcf" 1 = 1/vTo" xdvco axo x/]v oxoia uxdp/ei aaxd^eia yia xdue xi[ir] xr]c; xapajiexpou uq- H 
xauxiar] xcov xijicov otpeiXexai axo oxi axo uxepico8ec; xo uxopaupo auxo e^ei xr]v xai^oyeveia 
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(«) (P) (y) 

S)(r][ia 10.2: (a) Aidypa[i[ia suaxddeiac; axo emueho (a,uo) yia x/]v Tapajiopcpcojievr] atpaipa 
xai t/]v xpo)(id (#o, V'o) = (0, tt/4). Oi xpeic; axiaajievec; T£pio)(£c; avxioxoi)(ouv ae aaxd'deiec; 
tiou otpeiXovxai axic; 8ia[ir|X£ic;, <5# xai Sip 8iaxu[idvaeic; (cpcoxeivoxepo axo axoxeivoxepo). (p) 
Tpacpixr] Tapdaxaar] x/]<; )(a[ir]X6xepr]c; i8ioxi[i/|c; xcov 8ia[ir|Xcov 8iaxu^idva£cov aav auvdpxrjar] 
t/]c; Tiapajiexpou wo, Y ta o" = 0, acr'' > 0.15 xai < 0.5 (ano xdxco Tipoc; xa Tavco). (y) 
To avxiaxoi)(o yia tic; ycoviaxec; 8iaxu[idvaeic; 56, yia a = < o"cf' ) , cTc? < 1 xai Oc? <C 10 
(aTO Tavco Tipoc; xa xdxco). 

xrf a6[i[iopcpr]c; TepiTxcoo-7]c;. Ta TapaTavco aToxeXea^iaxa auvoipiCovxai axo luyy\\±a. 10.2. 

EuvotjjiCovxac;, [3pr|xa[i£ oxi yia Eva jiixpo Eupoc; xijicov xrjc; Tapajiexpou Tapa[i6ptpcoaT]c;, auy- 
XEXpifiEva yia 0.209 ~ < o < aiP ~ 0.258, r\ ypa[i[iixr| aujiHEpicpopd £yxXcof3ia[iou yia 
[ieydXec; aToaxdaeic; eivai euaxai}r|c;, e^co aTO to otoio eupoc; aToaxaiEkpoToieiTai aTO tic; 
ycoviaxec; 8iaxu^dvaeic; 5ip xai ax/]v auve)(£ia aTO tic; 50. EtitXeov, ax6[ia xai yia [iixpec; 
Ttjasc; xou ct, auyxexpijisva yia < a < — 0.209, t] aujiTepicpopd eyxXco[3ia[jiou tou 
8uva[iixou eivai euaxai}r|c;. 

• (9 — 0, tpo — r\ 7r/2). H auvdpxrp/] tou [irjxouc; otcoc; xai r) eveyeia e)(ouv tic; auxec; 
excppdaeic; [ie x/]v TepiTxcoar] tou 8ev e)(ou[ie Tapajiopcpcoar] [22] [E^. (8. 27), (8. 28), (8. 29)], 

L(u ) = ^-[U(k' 2 ,k)-K(k)] , (10.19) 

■u 1 

xai 

E(uq) = \j2u 2 -l [k' 2 K(k) - E(k)] + 1 , (10.20) 

OTOU 

k= -. u ° k' = VT^W. (10.21) 

H au^rtepicpopd xouc; eivai avdXoyr] [ie to T,yrf\\ia 10. ly. 

Ato xa yevixd [lac, aToxeXeajiaxa, undp)(Ei aaxdi^eia otic; 8ia[ir]xeic; 8iaxu[idvaeic; tou au[i- 
Paivei yia xijiec; x/]c; Tapajiexpou uq [iixpoxepec; aTO x/]v xpiaip] xi[ir] yia [ar] UTap^r] Tapa- 
[i6ptpcoar]c;, 87]Xa8/| -u 0c ~ 1.125. Via uq ycoviaxec; 8iaxu^idvaeic; 5^ xai 5ip, xa 8uva[iixd 
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Schrodinger BivovTai and TiepiTiXoxec; extppdaeic;, pXeTie E£.(A.14) axo TiapdpTT][ia A tou [2] 
xai Biatpepouv and xa avTiaToi)(a 8uva[iixd ott]v TiepuiTcoar] tiou 8ev e)(ou[ie Tiapajiopcpcoar), 
xaxd evav Tipoa'deTixo TiapdyovTa Aa 2 u 2 . Ta TiapaTidvco aTOTeXeajiaTa ouviotouv oti, ecpo- 
aov oi ycoviaxec; Biaxujidvaeic; 5$ xai 5if eivai euaTaweic; ot/]v Tiepiirccoor] tiou 8ev e)(ou[ie 
Tiapajioptpcoar], eivai euaTaweic; xai axr]v napouaa TiepiitTCoar). 

• (^cV'o) = ( 7r /2, OTioia8r]TioTe). £e auxr] t/]v TiepiTrucoar], to \if}XOQ xai to 8uva[iix6 eivai Ta 
181a xai ndXi [ie t/]v Tiepiirccoor] tiou 8ev zy_ov\iz 8ia[i6pcpcoar] xai SivovTai afio [22] 



L(u ) = — 
u 



n(i k) -K(k) 



(10.22) 



xai 



OTIOU 



E(u ) = ^ [K(fc) - 2E(fc)] , (10.23) 



fc = ./!i+i > fc^v^. (10.24) 

H aujiTiepicpopd touc; eivai avdXoyr] [ie to £x*F a 10.1(3. Tia m ^> 1 ([iixpd L), rj oujiTiepi- 
cpopd eivai tuttou Coulomb, evco oto avTiweTO opio, u — > 1 ([ieydXa L), oi aaujiTiTCOTixec; 
aujiitepicpopec; tcov E^. (10.22) xai (10.23) o8r]youv ae eva ypa[i[iixo Buvajiixo eyxXco(3ia[iou 

E~- , yia L > 1 . (10.25) 

St/]v TiepiTiTcoar] tiou 8ev zyov>\xz Ttapajiopcpcoar), r\ e^icpdvicr] evoc; ypa[i[iixou Buvajiixou e- 
yxXcopiajiou 8ev avajieveTai ott]v Buixr] wecopia pai}[ii8ac; (Af = 4 SYM). To TiapdBo^o auTO 
ETiiXui}r]xe oto [1] (avatpepwrpce avaXuTixd ot/]v evoT/]Ta 9.3.2) [ieaco tt]<; [ieXeT/]c; euaTa- 
weiac; auTcov tcov BiaTa^ecov xaTco aTto ycoviaxec; Biaxujidvaeic;. Qotooo, ott]v TtepiitTcoor] 
tiou £)(ou[i£ Tiapajioptpcoar] xai rj UTiepau[i[ieTpia Af = 4 e)(ei eXaTTCowei oz Af — 1, r] na- 
pouaia tstoiou 8uva[iixou Tiepiopiajiou ev yevei eivai ava[iev6[ievr] [28]. Ac;ioorj[ieicoTa, auTO 
eTti(3e(3aicoveTai afio tt]v avdXuar] euoTd'deiac; tiou axoXoudei. 

Ap)(ixd TiapaTr]pou[ie oti oi eyxdporec; xai oi 5ia[i/|xeic; Biaxujidvaeic; eivai euaTaweic;, to o- 
tioio TipoxuTiTei aito to yeyovoc; oti r\ auvdpT7]ar] tou \if\xovc, 8ev iyei axpoTaTa. Tia tic; 
ycoviaxec; 8iaxu^idvoeic;, to Buvajiixo Schrodinger laouTai [ie 

V = -1 +4ct 2 (m 2 - 1) , (10.26) 

otiou napaTrjpoujie t/]v eTiiBpaar] tt]Q Tiapa[i6ptpcoar]c; oto oti TpouoTXOir]aei to Buvajiixo Vg 
xaTa evav TipoaueTixo t^ctixo TiapdyovTa. Eivai Tipotpavec; oti rj Tiapouaia auTou tou opou 
i}a Teivei va aTai}epoTioir]aei tic; ycoviaxec; Biaxujidvaeic;. H aujiixepicpopd amr\ TiepiypdcpeTai 
a to S)(r][ia 10.3. Eu[iTiepaa[iaTixd, r] nzpioyj] eyxXcopiajiou yiveTai 6Xo xai mo euaTai}r]c; 
oao au£dvou[ie to ct. 



63 




0.5 1 1.5 2 2.5 



(«) (P) 

S)(r][ia 10.3: (a) Aidypcqijia euaxdi^eiac; axo eTUiteBo (<J,u ) yvx x/]v TiepiTixcoar] x/]c; Tiapa- 
[iopcpco[ievr]c; atpcupac; xai yia xpo)(id (9o,i/jq) = (7r/2, OTioia8r|7ioxe). H axiaajievr] Ttepio)(r| 
avxiaxoi)(e[ ae aaxdifku; xdxco ooio ycoviaxec; 8iaxapa)(£<;- (P) Tpacpixr] Tiapdaxaar] xt]<; [iixpo- 
xep/]c; ihoxi\if]Q xcov ycoviaxcov Biaxujidvaecov [ie to -u , y ta cr = 0, 0.25 xou 0.5 (ano xdxco 
rcpoc; xa Tcdvco). 

10.3 O Biaxoc; 



TeXoc; i}a aa)(oXr]'dou[ie [ie x/]v Ttapcqioptpcoa/] xou U7iopdi}pou xo otioio avxiaxoi)(ei ae xa- 
xavo[iT] D3 Ppavcov Tidvco ae Biaxo axxivac; r , /] onoia [iitopei va |3pei}ei onto avaXuxixr) 
enexxaar] r$ — >■ — rQ. Oi Buvaxec; xpo)aec; axic; ycoviaxec; Bieui&uvaeic; eivai oi iBiec; [ie xr]v 
TiepiTixcoar] tt]Q atpaipac;. 

• (^oi'/'o) — (0,7r/4). Oi auvapxr]aeic; xou [i/]Xouc; xai xt]<; evepyeiac; Bivovxai ano (8ec; 
evoxrjxa 6.2 xou [39]) 

L(u , a) = — = 2M ° = [n(a 2 , fc) - K(AQ] , (10.27) 
^ + ^(2^ + ^) 

xai 

S(«o, cr) = a/IT^ | ^ + [a 2 K(/c) - E(fc)] + E(c) - y^K(c) J 



(10.28) 



OTIOU 



i+ CT 2 ~ i +CT 2 a 

\j5ST^' ° = V*^' c = 7nFP- (ia29) 

Tia Mo ^ 1 ([iixpd L) e)(ou[ie xr]v yvcoaxr] aujiTtepitpopd Coulomb TtoXXanXaaiajievr] [ie evav 
Ttapdyovxa a/1 + cr 2 , evco yia m — >■ e^oujie x/]v aaujiTixcoxixr] extppaar] 
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8E(icr) ' 

xai r\ OTioia 8ei)(vei oti UTap)(Ei TXrprjc; i}copdxia/] yia [i/]xr] 
to otoio Tiapajievei avaXXoiwTO xai axr]v TEpiTTCoar] tiou ey_ov\xe Tapajiopcptoaei to UT6pai}po 

[i£ T7]V Tiapd[i£TpO (J. 

'Oaov acpopd ax7]v avdXuar] t/]c; euaxd'deiac;, 7] Xuar] eivai euaxai}/] xdxco aTO eyxdpaiec; xai 
8ia[ir]xeic; 8iaxu[idvaeic;. 'Oaov acpopd ouq ycoviaxec;, xa avtbtoixa 8uva[iixd Schrodinger 
Bivovxai ano toXutXoxec; sxcppdaeic;, Bee; E£. (A. 16) [2]. Ap)(ixd ^etopoujie tic; ycoviaxec; 8ia- 
xu[idvo£ic; 59, xai xprpijiOTOicovTac; xr]v Tpoaeyyiar] tou aT£ip6pai}pou Tr]ya8iou PpiaxoujiE 
oti o Tiui}[ievac; tou Tr]ya8iou eivai avutjjcojievoc; xai au^dvei [is to a xai U7idp)(£i [iia xpfoijir] 
Ti[ir] T7]c; Tiapa[i£Tpou ex, a^cr > 1/y/TE Tidvco aTO tt]v oTOia 8ev UTidp)(ei aaTai}eia tt]c; xXa- 
aixr] Xuar]c;. Tia tic; ycoviaxec; 8iaxu[idvaeic; Sip, yia tov 1810 Xoyo tou Tipoavecpepi}ei ot/]v 
au^opepr] TiepiTiTcoar] yia t/]v £8ia Tpo)(id, UTidpxei [iia xpiai[ir] Ti[ir] ejef- 1 = l/\/l5 Tidvco aTO 
tt]v ofioia UTidp^ei aaTai}eia yia xdi}e Ti[ir] t/]c; TapajiETpou uq. 

• (^Oi'/'o) = (0, T] 7r/2). Se auTT] t/]v TEpiTTCoar] PpiaxoujiE oti r] xXaaixr] Xuar] eivai r] £8ia 
[is t/]v TiepiTiTcoar] tou 8iaxou X"P^ Tapajiopcptoar] tou UTopdi}pou yia 9 = [22] 

2n h' 

L(u ) = [U{k'\ k) - K(k)} (10.32) 

xai 

f?(uo) = y/2ul + l [k' 2 K{k) - E(k)] , (10.33) 

OTOU 

k = , U ° , k' = VT^¥ . (10.34) 

H auptepicpopd touc; eivai avdXoyr] [ie to S)(r][ia 10.1a. Ato t/]v yevixr] [iac; avdXuar], r\ Xuar] 
eivai £uaTaTi}r]c; xaTco aTO eyxdpaiec; xai 8ia[ir]xeic; 8iaxu[idvaeic;. 'Oaov acpopd otic; ycoviaxec; 
8iaxu[idvaeic; 59 xai Sip, ia 8uva[iixd Schrodinger 8ivovTai aixo ToXuTXoxec; exeppdaeic;, 8ec; 
E£. (A. 17) tou [2] xai Ta avTiaToi)(a 8uva[iixd 8iacpepouv xaTa evav Tpoai}eTix6 TapdyovTa 
aTio tt]v TiepiTiTcoar] tou 8ev ey_ov\ie Tapajaopcpcoar). Tia tic; ycoviaxec; Siaxu^idvaeic; 59, yia 
tic; otoiec; e)(ou[ie aoTai}eia otcoc; xai ot/]v TepiTTCoar] tou 8ev e)(ou[ie Tapajiopcpcoar], o 
etitXeov opoc; aTai}epoToiei tic; 8iaxu[idvaeic; xai unapjei [iia xpioi[ir] Ti[i/] Tavco aTO 
t/]v oToia 8ev UTap)(ei aaTai}eia. TeXoc;, oaov acpopd tic; ycoviaxec; Siaxujidvaeic; Sip Eivai 
EuaTai^Eic; otcoc; xai ot/]v TEpiTTCoar] tou 8ev E)(OU[iE Tapajiopcpcoar]. 

• (9o,ipo) = (tt/2, OTOia8/]TOTE). Oi auvapTrpEic; tou \ir\xovc, xai t/]<; svEpysiac; 8ivovTai aTO 
[22] 
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(10.30) 
(10.31) 



xai 



otiou Ttopa 



L(w ) 



£(«o) 



2u 2 



n 



,fc -K(fc) 



K(fc)-^§ + U 2 E(fc) + 1 , 



fc = 



/ ^2 Up 1 

-|— ■ ^- , k = y/l — k 2 , 



(10.35) 
(10.36) 

(10.37) 



xou w> (u<) aujipoXiCouv to [ieyaXuxepo ([iixpoxepo) [iexa^u xou u xai 1. H aujiTxepicpopd 
touc; eivai avdXoyf] [i£ to Sx^ a 10.1a, xai auyxexpijieva, ey_o\j\ie eva Ti}copaxia[ievo 8uva[iix6 
Coulomb [is [ir]Xoc; $topdxiar]c; 

(10.38) 



1. = ?. 



H xXaaixr] Xuorj eivai xaxd xa yvcoaxd £uaTai}r|c; xdxco afio £Y xc *P ate< ? xca 8ia[ir|xeic; Siaxu- 
^tdvaeic;, tcov otoicov r) aujinepicpopd 8ev e^apxaxai ano t/]v Ttapajiopcpcoar] xou U7iopdi}pou. 
'Oaov acpopd tic; ycoviaxec; BicxTcxpa/ec;, to Buvajiixo Schrodinger laouxai \ie 



V e = l + 4a> 2 + l) > , 



(10.39) 



xai ETiojisvcoc; r\ Xuar] eivai euaTai}r]c; xaTco afio tic; ycoviaxec; Biaxujidvaeic;. 
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MepoQ III 
Auovia 
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Kecp&Xouo 11 
ELaaycoyrj 



H auvevcoar] xpicov r\ itepiaaoxepcov )(op8cov (string junction) [40, 41] eivai eva avxixei[ievo 
axrp wecopia )(op8cov [ie i8iaixepo ev8iatpepov yia 8idtpopouc; Xoyouc;: Aioxi eivai xaxaaxdaeic; 
BPS xai coc; ex xouxou [iicopouv va xpr]ai[ion:oir]i}ouv yia xr]v xaxaaxeur] UTcepau[i[iexpixcov 
xaxaaxdaecov [42, 43, 44] xai axrp [ieXexr] wecopicov pai}[ii8ac; evxoc; tt]Q wecopiac; )(op8cov 
SYM [45, 46]. H axe8aar] xcov xpoficov xaXdvxcoarjc; [iiac; auvevcoarjc; )(op8cov ae emiteSo 
Xcopo^povo e)(Ei [ieXexrjTLki axrp epyaaia [47]. Suyxexpijaeva, arjjiavxixec; etpapjioyec; xcov 
auvevcoaecov auxcov anoxeXei to yeyovoc; oxi auv8eouv 6Xa xa ei8r] xcov )(op8cov, xai [ieaco 
tt]Q avxiaxoiyiac; AdS/CFT [iitopei va unoXoyiaei xr]v evepyeia 8uovicov xai auyxexpijieva 
evoc; papeou Ceuyouc; xoudpx-[iovo7i6Xou [48]. 

Sxotioc; auxou xou [iepouc; tt]Q Siaxpipr|c; eivai r] xaxaaxeur] auvevcoaecov )(op8cov xaxdXXrjXcov 
yia xov unoXoyiajio tt]Q evepyeiac; aXXr]XeTii8paar]c; ia)(upcoc; auCeuyjievcov papicov Suovicov, 
evxoc; tt]Q avxiaxoi)aac; AdS/CFT. H xaxaaxeur] auxr] yivexai yia [iia [ieydXr] xaxrjyopia 
xa[inuXo[ievcov UTc6pai}pcov, [ir] au[i[ioptpcov xai [ie [ieico[ievr] r] xai xai}6Xou U7tepau[i[iexpia. 
'E)(ovxac; xaxaaxeudaei auxec; xic; auvevcoaeic; )(op8cov 8ev ar][iaivei oxi xo avxiaxoi)(o 8uva- 
jiixo tiou nepiypdcpei xr]v aXXr|Xeiu8paar| xou 8uoviou eivai tpuaixcoc; eiuxpenxo. 0a upeTiei va 
e^exdaoujie xr]v euaxdweia xcov Xuaecov xouXd^iaxov xdxco afio [iixpec; 8iaxu[idvaeic; xai r] o- 
Tioia "da [iac; Tiepiopiaei xov Ttapajiexpixo X"P° Y ta TOV otioio r] Xuar] eivai euaxa-dric;. Texoiou 
e£8ouc; [leXexec; Tiepiypdtpr]aav 8ie^o8ixd yia xa [ieaovia xai oxotioc; [iac; ae auxo xo [iepoc; 
eivai r] yevixeuarj auxcov xcov a7ioxeXea[idxcov yia xr]v Ttepinxcoar] xcov 8uovicov. Se avxiwear] 
[ie xr]v TiepiTixcoar] xcov [ieaovicov -da 8o6[ie oxi r] avdXuar] xrjc; euaxdweiac; xcov auvevcoaecov 
)(op8cov o8r]yei ae ava[iev6[ieva xai \ir\ anoxeXeajiaxa, $a 8o6[ie auyxexpi[ieva oxi xa ano- 
xeXea^iaxa tt]Q avdXuarjc; tt]Q euaxdweiac; xcov Xuaecov ep^ovxai ae avxiwear] [ie evepyeiaxd 
eiu)(eipr][iaxa [3]. 

H opydvcoar] auxou xou [iepouc; xrjc; 8iaxpipr]c; eivai r] axoXou^r]. Sxo 12o xecpdXaio i}a 8ia- 
xuTicoaou[ie xo 7ip6pXr][ia xcov auvevcoaecov )(op8cov yia [iia [ieydXr] xaxrjyopia U7iopdi}pcov. 
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Ga aiio8ei^ou[ie yevixec; ojeoeic, and tic; ono'iec, [iTiopoujie va UTioXoyiaoujie t/]v evepyeia 
aXXrjXe7u8paar]c; tou Buoviou. Sto 13o xecpdXaio ■da [ieXeTT]aou[ie [ie Xe7tTO[iepeia t/]v a- 
vdXuor] tt\c, euaTaueiac; tcov auvevcoaecov )(op8cov xoruco afio [iixpec; Biaxu^idvaeic; [ie axorco 
va avaxaXucpoujie tic; cpuaixax; eniTpeirtec; nepioxec;. @a Bcoaoujie iBiaiTepr] ejicpaar] axr]v 
BiaxuTicoar] xai ep[iT]veia tcov auvopiaxcov auvdrjxcov xai ua e^dyoujie yevixd aujiTiepdoyaTa 
yia t/]v euaTaueia yia xa ei8/] tcov Siaxujidvaecov. Sto 14o xecpdXaio, ua 7iapouaidoou[ie 
Bidcpopa Tiapa8eiy[iaTa afio auvevcoaeic; )(op8cov, oticoc; 01 [ieXavec; L>3 Ppdvec; xai 01 TtoXuxev- 
xpixec; Xuaeic; D3 Ppavcov otov xXdBo Coulomb, 01 OTioiec; Xuaeic; evTOc; tt]Q avTiaxoi)(iac; 
AdS/CFT Tiepiypdcpouv t/]v Af = 4 SYM yia TteTcepaojievr] i£>ep[ioxpaaia xai ae yevixd ar]- 
fieia tou xXaBou Coulomb tt]Q uecopiac;, avTiaToi)(a. Sto 15o xecpdXaio, ua ecpapjioooujie 
xa yevixd anoxeXea^aTa tou 13ou xecpaXaiou yia t/]v jieXeTT] tcov TiapaBeiyjiaTcov tou 14ou 
xecpaXaiou. 
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Kecp&Xouo 12 
KXocaixsg Xuasig 



£e auTO to xecpdXaio T&ot avaTtTUc;ou[ie tt]v yevixr] [ie-doBoXoyia unoXoyiajiou evoc; papiou 8uo- 
viou evToc; tt]c; avTiaToixiac; AdS/CFT [ie yevixd cpopTia Neveu-Schwarz (NS) xai Ramond- 
Ramond (RR) [41]. Oi UTioXoyiajioi auToi e[iTtepiexouv T P £ fc X°P^ xca ex toOxou Paai- 
Covxai axa aTCOTeXeajiata tiou avaTTUx^xav ato [iepoc; tcov [ieaovicov, xai tou UTioXoyiajiou 
tt]Q evepyeiac; aXXrjXeiu8paa7]c; evoc; Buoviou axr]v aujijiopcpr] Tiepurccoar] [48]. 
6ecopou[ie eva UTi6pai}po evoc; aaujiTiTGyuxou x^pou AdS 5 x S* 5 Ec;.(6.3),(6.6) xai^coc; xai 
tic; ouvapxr]aeic; tiou opiaxrjxav otic; E£. (6.4), (6.5) [ie to aujijiopcpo touc; opio va Bivexai orno 
tt]v E£.(6.7). Oecopoujie enbrjc; touc; avdXoyouc; opiajiouc; yia tic; auvTeTayjievec; (x,y,9) 
toe; eyxdpaiec;, 8ia[iT|xeic; xai ycoviaxec; Biaxujidvaeic;. 

Mia auvevcoar] xopBcov auoTeXeiTai ano Tpeic; auveTuiteBec; xopBec; oi onoiec; evcovovTai oncoc; 
cpaiveTai oto Xx 7 !^ 12.1. H x°pS^ tiou aujiPoXiCeTai [ie 1 exei cpopTia (p, g) NS xai RR , r\ 
Beuxepr] tiou aujipoXiCeTai [ie 2 exei cpopTia (p',q'), xai r) xpixr) eui}eia X°P^ 71011 °U[iPoXi- 
Cexai [ie 3 exei cpopTia (to, n) = (p + p', g + q') Xoyco tt]c; 8iaTT]pr]ar]c; cpopxiou oto ar\\±zio 
ouvevcoar]c; tcov xopBcov. Oi i}e[ieXico8eic; xopBec; eivai r\ $e[ieXico8/]c; x°pS^ F [ie cpopTio (1, 0) 
xai r\ D x°pS^ \*£ cpopxio (0,1). 'OXec; oi dXXec; xopBec; [iTiopouv va eitixeux^ouv [ie evav 
[ieTaaxT][iaTia[i6 SL(2,WL) o otioioc; ixavofioiei tt]v awdf]xy] p q' — q p' = ±1 [46]. Oi 8uo 
TipcoTec; xop8ec; (1 xai 2) exouv to eva dxpo touc; oto auvopo tou x^poxpovou tiou avxi- 
axoixei oto unepicoBec; (u — > oo), evco r) xpixr] eui}eia x°pS^ £X El TO ^ X P° Tr l ( ? OTO UTiepui}po 
(u = u m in). Oi Tpeic; auxec; xopBec; TejivovTai oto arjjaeio auvevcoar]c; oto u = uq. Evtoc; 
tt]Q avTiGTOiyiac, AdS/CFT, r\ evepyeia aXXr]XeTii8paar]c; tou Buoviou (p,q) Bivexai ano 

e ~ iET = (W(C)) = e iS ™W ? (12.1) 

OTIOU 

SpAC] = / dTday/-detg aP , g a p = G, u d a x^x" , (12.2) 
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Hy(f\[ia 12.1: Aidxa^r] auv£vcoor]c;: au[ipoXiCou[i£ [is Fj, i = 1,2,3 ( F pg oto xeijievo) tic; 
8uvd^i£ic; 01 otcoiec; aoxouvxai ano xdue )(op8r] oto ar)[i£io auvevcoarjc; -u . Ta ar\\xeia axpocpr]c; 
(turning points) w,, i — 1,2 yia tic; )(op8ec; 1 xai 2, 8ev aujipoXiCovTai xai Ppfoxovxai axa 
8ei;id tou Mo- 'E)(ou[ie Tiavxa oti -u mill < u , aXXd xa U{ [inopsi va eivai xai va [irjv eivai 
[ieyaXuxepa aTio to w min . 

eivai r) 8pda/] Nambu-Goto yia [iia )(opSrj rj onoia 8ia8i8eTai oto 8uix6 imepPapiruxo uito- 
Paupo xai tt]c; OTioiac; xa dxpa PpioxovTai Ttdvco axov opuoycovio 7iapaXXr]X6ypa[i[io Pp6)(o 
Wilson [ie [iia )(copixr] xai [iia xpovixr] ax\j.r\ xai otou T Pi9 = >/p 2 + q 2 /g 2 - Avtiotoi)(£<; 
excppdaeic; ia)(Uouv yia tic; y^opMc, 2 xai 3. TeXoc;, 8ev fla uecoprpoujie auveiacpopd afio 
tov opo Wess-Zumino, enei8r| die 8ev imap/ei she eivai [i/]8ev otic; Ttepiirccooeic; tiou da 
ii}ecopr]aou[ie. 

Exrjv auve)(eia xauopiCoujie t/]v 8i8idaTaxr] itapa^eTponoirpr] euiXeyovTac; t/]v pau[ii8a 

t = r, u = a. (12.3) 

YnodeTcovTac; oti 8ev ey_ou\ie e^apxr]ar] ano tov xpovo, $ecopo6[ie t/]v TiapaxaTco ejipdTCTiar] 

y = y(u) , x — , 9 = 9 = aTauepd , YTtoXoinec; = oTa-depec; , (12.4) 

r] OTioia unoxeivTai otic; auvopiaxec; auvdrjXEc; 

u = u (L 2 ) = oo , (12.5) 

xaTaXX/]Xec; yia eva 8u6vio (p, q) TOTioueTT][ievo oto y = —L 1 xai eva 8u6vio (p 1 , q') TOTioue- 
T7][ievo oto y = —L 2 . H X°p8r] cpopTia (m, ra) eivai euueia y = aTauepd xai exTeiveTai ano 
to ar][ieio auvevcoar]c; [iexP 1 TO M = u min- H aTauepr] xijir] otic; ycoviaxec; ([in] ayvor|ai[iec;) 
auvT£Tay[iEvec; 8ivETai afio tic; Ec;.(6.13). 

Me t/]v TiapaTidvco uno-dear), r] 8pdar] Nambu-Goto ypdcpsxai 

S M = | du^fa) + / y ( U )y« , (12.6) 
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onou to T oujipoXiCei tt]v xpovixr] axjar] tou Pp6)(ou Wilson, o tovoc; aujipoXiCei Ttapaycoyiar] 
coc; Tipoc; t/]v [ieTapXr]Tr| -u evco g{u) = g(u,0o) xai = f y (u,0o) eivai 01 auvapTr|aeic; 

Tr)<; E^.(6.4) unoXoyiajievec; ot/]v aTai}epd Ti[ir] # t^C Avtiotoi)(E<; 8pdoeic; [iTtopouv va 
ypacpouv xai yia t/]v X°p5f| {p'il')i xai}coc; xai yia t/]v eu$eia {m,n). To yeyovoc; oti r] 
TiuxvoTTjTa AayxpavCiavr|c; eivai avec;apTT]Tr] aito t/]v [isTapXmrr] y, a/][iaivei oti r] avTiaToixr] 
yevixeu[ievT] op\if] 8iaT/]pen:ai, coc; ex toutou 

^ = tL 1 / 2 =► y'^T^W, (12.7) 



onou Mj eivai 01 Tijiec; tt]c; [iSTapXr]Tr]c; -u aTa ar\\ieia OTpocpr|c; t/]c; xd^e )(op8r]c;, f y i = f y {ui) , 
/^o = fy(uo) xai y c i eivai r\ xXaoixr] Xuar] [ie Ta 860 7ip6aT][ia va avTioToixouv ott]v xaTco 
(Xop8/| 1) xai dvco Xuar] (x°pS^ 2). To aujipoXo F t (va [i/]v to auyxuooujie [ie tic; 8uvd[ieic; 
oto S)(r][ia 12.1) avTiaTOi)(ei ot/]v auvdpT7]ar] 

P _ 9fy 



... i = l,2. (12.8) 

Jy Jy- 

Sr][ieicoaTe oti, yia to or}\xdo 8iaxXd8coor]c; u exoujie TtdvTa oti u > u min . Tia Ta a/][ieia 
aTpocpr]c; e)(ou[jie oti U{ < u , aXXd 8ev eivai a7iapaiTT|Tcoc; [ieyaXuTepa ano to u m i n , 8i6ti 01 
Xop8ec; 1 xai 2 8ev exTeivovTai [iexpi Ta o/][ieia aTpocp/]c;. OXoxXrpcovovTac; tt]v Ec;.(12.8), 
Ppiaxoujic to 8iaxcopiaTix6 \if\xoc, 

poo hft poo rFr 

L = L 1 + L 2 = fH 2 / du^-L + /V 2 / . (12.9) 

Ju Jy J u Jy 

TeXoc;, avTixai}iaTCOVTa<; tt]v Xuar] yia tiov y£i o"TT]V E<;.(12.6) xai atpaipcovTac; tic; afioxXi- 
vouaec; auToevepyeiec; tcov 8uovicov, ypdtpoujie t/]v evepyeia aXXrjXeiu8paar]c; coc; 

E = ^ MT Pi ,£i + T pW £ 2 + T m , n / ° t^Vs) , (12.10) 

£; = / du\[Fi- \ duy/g , i = l,2. 

St/]v i8avixr] TiepiTiTcoar], i}a i}eXa[ie va unoXoy bougie Ta oXoxX T]pco[iaTa tcov e^iacoaccov 
(12.9) xai (12.10), va Xuaou^ie ttjv Ec;.(12.9) coc; npoc; Tmv TiapdjieTpo u xai va avTixa- 
i[}iaTr]aou[ie aTrjv Ei;.(12.10) xai va excppdaoujie t/]v evepyeia aav auvdpT/]ar] tou [i/]Xouc; 
L xai tcov ui,U2- St/]v auve^eia i}a eXa)(iaTon:oiouaa[ie ttjv excppaar] auTT] coc; npoc; tic; 
TiapajieTpouc; Ui,u 2 xai i}a UTioXoyiCajie t/]v evepyeia aXXr]XeTii8paar]c; auvapTrpei tou 81a- 
XcopiaTixou \ir\xo\Jc, L yia eva C^uyoc; papicov 8uovicov. 

floToao, auTO 8ev [inopti va yivei axpipcoc;, Tiapd [iovo otiov au[i[iopcpr] TiepiTiTcoar), enofievtoc; 
01 Ec;.(12.9) xai (12.10) ^Tiopouv va -decoprydouv coc; Tiapa^ieTpixec; ec;iacoaeic; ^ie 7tapa[ieTpouc; 
u ,Ui,U2- 'Evac; mo euxoXoc; Tponoc; yia va Ppoujie tic; TiapajieTpouc; Ui,u 2 eivai aiiaiTcovTac; 
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r] auviaxajievr] 8uva[iT] axo oryseio auvevcoarjc; va laouxai [is \ir\Mv [41, 43, 47], [iia xpoaeyyi- 
ar] tiou etpapjioaxrjxe yia to xapov xp6f3X/][ia ax/]v au[i[ioptpr] xepixxcoar] [48]. Ta axeipoaxd 
\ir\ycr\ ae xorde X°P^ 7 1 e ^ voa ^ CTa t 16 

dt\ = (G yy y'2 + G uu )dv? = --^F l( lu 2 , i = 1, 2 . (12.11) 

Exo[ievcoc; axo x/]v 8pdar] E£.(12.6) oi xdaeic; xcov )(op8cov axo ar\\izio axpocpr|c; u = Uo eivai 
-^-yj ' —G tt xai ojioicoc; yia tic; dXXec; 8uo x o p8e<; tiou auvavxiouvxai axo a/][ieio axpocpr|c;. 
Oi ycoviec; [iexac^u xcov xop8cov xai xou dc^ova -u axo or\\izio axpotpr|c; eivai 

i = 1,2,(12.12) 



Tia u = uq : tariff 



\/Gy~ydy 



VG uu du 




oxou xP^^VOTioi/iaaiie xr]v E£.(12.7) xai £)(ou[J.£ Xdf3ei ux'otjiiv xcoc; oi [iexaxoxiaeic; axouc; 
dc^ovec; uxoXoyiCovxai \ie xajixuXr] [iexpixr]. Oi 8uvd[ieic; oi oxoiec; e^epxovxai axo xr]v xdi}e 
XopBr] axo exixe8o w — y eivai 

F P,q = it 1 V -Gtt (-cos9 1 ,sm9 1 ) , 

FpW = v/Z ^" ( co ^2,sin^ 2 ) , (12.13) 

F m> „ = ^>/ = G«(1,0), 

oxou r] xpcoxr] auviaxcoaa eivai /] -u xai r] Seuxepr] eivai /] Axaixcovxac; r] auvoXixr] 8uva^r] 
va eivai [i/]8ev |3piaxou[ie oxi oi ycoviec; axo a/][ieio laoppoxiac; eivai 

m n ~X~ n n W n' 



cos Q\ = 



- m, n ' ^p,q p' ,q' 

IT T 



rp2 I rp2 _ rp2 

cos9 2 = m > n l ™ — . (12.14) 

^-L 171,71-1- p' ,q' 

Axo xic; extppdaeic; auxec; oi ycoviec; Bivovxai auvapxrpei xcov tpopxicov NS xai RR xcov xop- 
8cov oxoxe axr]v auve^eia axo xr]v E£. (12.12) [ixopoujie va excppdaoujie xic; xapajiexpouc; u-i 
auvapx/pei xrf xapajiexpou u$ xai xcov tpopxicov xcov ^opBcov. Euvexcoc; axaXeicpovxac; \iz 
auxov xov xpoxo xic; xapajiexpouc; Ui, exoujie [iia extppaar] x/]c; evepyeiac; aXXr]Xexi8paar]c; coc; 
auvdpx7]a/] xou [lypcouc; xai xcov tpopxicov xcov ^opBcov. 

Mxopoujie va exaXr]i}euaou[ie oxi auxr] r] xpoaeyyiar] xai}opia[iou xcov xapajiexpcov Ui [ieaco 
xr]c; ec^iaoppoxr]ar]c; xcov 8uvd[iecov axo ar][ieio auvevcoar]c; eivai iao8uva[iT] [ie xr]v eXaxiaxo- 
xoirjar] xr]<; evepyeiac;. Etpoaov 8ev [ixopoujie va Xuaoujie xr]v Ec^.(12.9) yia yevixr] xijar] 
xr]<; xapajiexpou u , i}a uxoi}eaou[ie oxi exou^ie [iia avaXuxixr] excppaar] x/]c; xapajiexpou u 
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auvapTrp/] tcov L, u\, U2, avTiaTpecpovTac; tt\v E£.(12.9). Ecpoaov deXoujie va eXa)(iaTonoir]- 
aoujie xr]v evepyeia coc; Ttpoc; tic; napajieTpouc; Mj, to cpuaixo ^r|Xoc; L 8ev da e£apTaTai afio 
auTec;, 8/]Xa8r| 

dL 

— = 0, i = 1,2 , 12.15 

to otxoio ptopei va xprjaijiOTioiTydei [iaCi [i£ t/]v Ec;.(12.12) yia excppdaoujie t/]v Ttapdycoyo 
tou u (x>q upoc, Ui aav 



9U °- ' ^ ' r du-^y , = 1,2. (12.16) 



9«i tan 6>i + tan 2 2 y 7 Uo (fy-fyi)^ 2 ' 

ToviCoujie oti yia t/]v afioBei^r] tt]Q Tiapandvco a)(Ear]<; 8ev e)(ou[ie xP r ] at l iOTt:oill l oei Tr ] v e^ioo- 
ppoTtrpr] 8uvd[iecov. Iao8uva^ia, 8ev exou^ie decoprpei oti 01 ycoviec; Qi eivai aTadepec; Ttepav 
tou a/][ieiou laoppomac;. TeXoc;, )(pr]ai[iOTioicovTac; tt]v Ec;.(12.16) xai t/]v el,iaopp6nr\ar\ 
8uvd[iecov, [iSTa ano TtpoaexTixouc; unoXoyiajiouc; f3pixou^ie to 7tpoa8oxco[ievo anoTeXea^a 

dE 

tt- = 0, i = l,2. (12.17) 

H an68eic;r] ^iac; eivai evTeXcoc; yevix/| yia UTiopadpa t/]c; [iopcpr|c; E£.(6.3) xai 8ev xpeidoTrjxe 
va UTioXoyiaou^ie Ta oXoxX rpcojiaTa tou avTiaToi)(ouv ae auyxexpijieva 7iapa8eiy[iaTa. 'Av 
eiXajis axoXoudr|aei auTT]v t/]v itpoaeyyiar] 'da ei^a^e xaTaXr^ei ae TiepiuXoxec; excppdaeic; 
xai r\ aTi68ei^r] [iac; da aTrpCoTav oto va aTio8ei^ou[ie 8idcpopec; TauTOT/]Tec;, ev yevei, [ie 
eiSixec; auvapTr|aeic; (yia 7iapd8eiy[ia ot/]v aujijiopcpr] TiepiTiTtoar] [48]). 
Ac;i£ei va ar^eicoaoujie oti rj excppaa/] t/]<; evepyeiac; aXXr]Xe7u8paa/]c; _E coc; auvdpTTjar] tou 
[ir]Xouc; L yia tt]v BiaTac;/] (p,q) xai (g,p) Buovicov eivai avaXXoicoT/] xaTco afio tov S-Suixo 
^i£Taa)(r][jiaTia[i6 g s — >■ l/g s , oticoc; xai da enpene. fiaToao, auTO 8ev ia)(uei yia to [i/|Xoc; 
xai tt]v evepyeia coc; [iejiovojievec; auvapTr|aeic; tic; TiapajieTpou u . 



12.1 AXXrjXsTuBpocar) xooocpx ^jls ^jlovotioXo 

H 7110 ar][iavTixr] ecpapjioyr] tcov avortepco eivai ott]v evepyeia aXXr]XeTii8paar]c; evoc; xoudpx 
[ie eva [iovonoXo [ie cpopTia (1,0) xai (0, 1), avTiaToi)(a. Se auTT]v t/]v TiepiTiTcoar], [inopei 
euxoXa va Beix^ei afio tt]v Ei;.(12.14) oti + 2 = tt/2. St/]v auvex^ia da [ieXeTr]aou[ie to 
opio otiou y s — > 1. Se auTT]v t/]v fiepiirccoar] r] Taa/] t/]c; )(op8r]c; (0, 1) tou avTiaToi)(ei oto 
[iovonoXo yiveTai toXu [ieydXr], OTOTe 7tepi[ievou[ie oti da Tiapajieivei a)(e86v eudeia, evco yia 
va UTidpxei e^iaoppofirpr] tcov 8uvd[iecov, r] X°P^A (1; 0) ^ a ^^v^ 1 xddeTa tt]v eudeia x°pS^- 
Autt] r] au[i7iepicpopd e[icpav£CeTai aTa avanTuyjiaTa 

81 = \-9s + \gl + 0{gl), 
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02 = g s -\gl + 0{gl). (12.18) 

£t/]v TiepiTiTcoar] otiou to g s — )■ oo, UTidp^ei [iia iao8uva[i/] excppaa/] [ie t/]v evaXXayr] tcov 
#i,6>2 xai g s — >■ l/g s . Sto opio tcov [iixpcov g s [iTtopoujie va 8o6[ie orno tic; E^.(12.12) xai 
(12.18) oti ia a/][ieia axpocpr]<; tcov )(op8cov 1 xai 2 eivai 

«i = u + 0(<? s 2 ) , u 2 = u p{ ^ a + 0{gt) , (12.19) 

otiou Mp^ a eivai r\ [leyaXuTep/] piCa t/]<; e£iacoaT]c; f y2 = 0. Sxa Tiapa8eiy[iaTa tiou $a 
Tiapouaidaoujie TiapaxaTCO, = u min , extoq ano [iia TiepiTTCoar] otiou iyei [iixpoxepr] 

Tip]. £lc, ex toutou oi excppdaeic; yia to \it\xoc, E£.(12.9) xai t/]v evepyeia E£.(12.10), 
yivovxai 



OC 



L = f l y l 2 I du^ + 0{g s ) (12.20) 



do 



xai 



E = — ( du^/Fo - / tiu^ + C(^) > ( 12 - 21 ) 

otiou £)(OU[ie opiaei t/]v auvdpTTjar] F oticoc; ott]v E£.(12.8) [ie to f yi va avTixai!KaTaTai [ie to 
f y0 = f y (u ). napaxr]pou[ie oti oi excppdaeic; yia to [ir|xoc; xai t/]v evepyeia eivai [iixpoTepec; 
xaTa evav TiapdyovTa 8uo afio tic; avTiaToi)(ec; excppdaeic; yia tt]v TiepiTrtcoar] tou 8uva[iixou 
xoudpx-avxixoudpx E£.(6.17) xai (6.18). ToviCoujie oti auTO 8ev auveTidyeTai oti to cpdajia 
tcov [iixpcov 8iaxu[idvaecov da eivai to 1810. Euyxexpijieva da 8ei£ou[ie oti aujipaivei to 
avTiT&eTO, xai da^eia ano to tiooo dxajiTXTec; [iTtopouv va yivouv oi 8uo x°pSec; (r) eu^eia xai 
[iia airo tic; )(op8ec; 1 xai 2), oi 8iaxu[idvaeic; 8ev aitoauCeuyvuvTai xai eTirpedCouv auTec; tt]Q 
xpiTTjc; x°pSifc- 
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Kecp&Xouo 13 
Av&Xuarj Euaxocdsiac; 



E8co i}a [ieXexr]aou[ie t/]v euaTai}eia auxcov tcov Buovicov, e^ovxac; coc; oxotio t/]v eupear] 
tcov cpuaixax; aitoBexTcov Ttepioxcov axov Tiapajiexpixo X"P° OTl( ? cmoiec; xXaaixr] Xuarj 
eivai £UGT<xdr|c;, toviCovtck; tic; o[ioi6xT]Tec; xai Biatpopec; [ie tt]v Tiepiirccoar] tou Buva^iixou 
xoudpx xai avxixoudpx. Oi [iixpec; Biaxu^idvaeic; tt]Q xXaaix/|c; Xuarjc; Ec;.(12.4) avr|xouv 
axic; xpeic; xaxr]yopiec; tcov eyxdpaicov, 8ia[i/|Xcov xai ycoviaxcov Biaxujidvaecov. To xecpdXaio 
auxo ey_ei apxetec; o\ioi6tt}TZc, [ie to 7o xecpdXaio aXXd xai apxexec; ouaicoBeic; Biacpopec;, oncoc; 
oi awdf\x.ec, auppacp/|c; aio a/][ieio auvevcoa/]c;. 

13.1 Mixpsc; Siocxu^jLcxvasLg 

©ecopoujie t/]v Tiapaxaxco Biaxapax^ ax/]v ejipdnTiar] 

Xi = Sxi(t,u) , yi = y<n,i(u) + 5yi(t,u) , ^ = 6> + 69$, u) , (13.1) 

onou o 8eixxr]c; i avacpepexai axic; xpeic; y^opMc, tiou 8/][iioupyouv tt]v auvevcoar]. St/]v auve- 
Xeia UTioXoyiCoujiE tt]v Bpdar] Nambu-Goto yia auxr]v t/]v TiepiTixcoar] xai t/]v avaTtxuaoujie 
ae 8uvd[ieic; tcov Biaxujidvaecov. O opoc; [i/]8evixr|c; xdc;ecoc; xaxd xa yvcoaxd Bivei t/]v xXa- 
aixf] Bpdar] xai o opoc; 7ipcoTT]c; xa^ecoc; [i7]8eviCexai x^P 7 ] OTl( ? xXaaixec; ec;iacoaeic; xivrp^c;. 1 
To anoTeXea^ia xrjc; avdnTUc;r]c; yia touc; xexpaycovixouc; opouc; yia tic; ^opMq i = 1,2 ae 
avTiaToi)(ia [ie trjv Ei;.(7.4) ypdcpexai coc; 

1 Mia TtpoaexTixr) pieXexr] iwv opwv 7tp«xr)<; xac;e«<; ^iok; o8r]Y£i oxrjv UTiap^r) ETUcpocveiooaov opcov. Aixai- 
xcovxac; oxi ^r)8ev[£ovTaa Ppiaxou^ie xic; auvdf|X£c; laoppoTuocc; oto ar)[ie(o auvevwarjc;. Auxo ^Ttopri va Seix'M 
yia auvevwaeic; as siuneBo /copoxpovo npiv xrjv eraXoyr] pocd^uSocc;, Sec; [47]. Qajoao, jiol xa^muXouc; X"- 
poxpovouc £X 0VTa< ^ stxiXs^ei xo u = d yia pai^iSa, Ppiaxou^ie xrjv y-auviaxcoaa xr]<; laoppomac; Suvtx^iswv. 
AXXd^ovxac; pa%(Ba as y = a Ppioxou^ie xr)v u-auvioxwaa. 
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= ~ I dtdtt 

2,71 



fx Sx? _ M^llsx' 



2Fl /2 ~* 2gfy 

+^4^' 2 - -\^y? ( 13 - 2 ) 

i fo xa>2 h fs F i /2 X Q 2 ,f 1 R 2 n i fyQ F i /2 f \ XQ 1 

onou iyox>\iz XP 7 ! 01 ! 10710111 ! 081 xat Tl ^ 1 Tr ] v E£.(6.13) evco oXec; 01 awapxr]aeic, eivai unoXo- 
yia^tevec; axo ar\\izio 9 = 9 . Tpdcpovxac; tic; ectiawaeic; xiv/]ar]c; yia auxr]v t/]v 8pda/] xai 
xdvovxac; [iia avdXuar] xorcd Fourier [ie au^voxrjTa u> (8ev e)(ou[ie e^dpT/pr] onto to XP° vo ) 
PpiaxoujiE tic; e^iatoaeic; xiv/]aT]c; yia tic; Biaxu^tdvoeic; 



du \ p^ 2 du 

j_ ( gf y d 

du \ p^l 2 du 
fe d 



• hfxFj 

9fy 



1/2' 



5xi = , 



F: 



1/2 



(13.3) 



+ w 



1/2 



2F, 



1/2 



2L 2 



5ft; = 



Tia tt]v su'deia X°p8>l f] 8pdor] tcov TETpaycovixcov Biaxu^tdvoecov eivai 



M 3) = -- 



1 

An 



dtdu 



fy X ..a + JJL 5x * + J!LS9g 



Vg 3 



fx 

7~9 



A 



y/9fv 

orno tt]v OTioia TipoxuTiTouv oi e^iacoaeic; 



2^ 



Vgfy 



8xj 



;i3.4) 



A ( A^A + u 2 J^_s9 3 = l d ° 9 

du V v^/j, 3 2 ^ 
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Sr][ieicoaTe oti yia t/]v eui}eia X°p5f| [iTtopoujie va Tidpoujie tic; ec;iocoaeic; coc; to opio onou 
Fi ~^ 9 (fyo ~^ 0) oTTjv E<;.(13.3). Eno^ievcoc; to 7tpof3Xr]^a eupear]c; tt]Q euaTai}eiac; avdyeTai 
ott]V Xuor] evoc; TipopXr][iaToc; i8ioTi[icov Sturm-Liouville (E£.(7.7) ) [ie tt]v 8iatpopd oti o"tt]v 
TiepiTiTcoar] [lac, U7idp)(ei e£dpT7]ar] afio to arjjaeio auvevcoo-T]c; w xai Ta tpopTia NS xai RR 
tcov )(op8cov. O oxohoq \iac, eivai 7] eupear] tou eupouc; Tijicov tou Wo Y ia Tl( ? OTioiec; to 
bJ 2 eivai apvrjTixo. H eupear] auTou tou $a yivei xai}opiCovTac; tt]v [ir]8evixr] i8ioTi[ir|, to 
othoio eivai eva euxoXoTepo 7ip6pXr][ia. £r][ieicovou[ie, emar]Q oti Ta Tpia e(8r] 8iaxu[idvaecov 
eivai e\x\xeaa auCeuyjieva Xoyco tcov auvdrjxcov auppacprjc; oto ar][ieio auvevcoarjc; TiapoTi oi 
e^iacoaeic; xivrprjc; 8ev eivai auCeuyjievec;. 

13.2 EuvopLocxsg auvi^rjxsc; 

Tia va Xuaoujie to 7ip6pXr][ia i8iOTi[icov, Ttpeuei va etpapjioaoujie auvopiaxec; auvi}r|xec; oto 
U7tepico8ec; (u — > oo) yia tic; Siaxujidvaeic;, oto U7iepui}po (u = u m i n ), xai auvdrjxec; auppatprjc; 
oto ar][ieio auvevcoarjc; oto u — Uq. H auvopiaxr] auvdrjxr] oto uitepudpo avTinpoaconeuei 
to yeyovoc; oti oti 8ev ^ieTaxivou[ie Ta 8u6via oto auvopo, 8r]Xa8r] 

= , OTav u — y oo , (13.6) 

otiou r] $ eivai OTioia8r]7iOTe ano tic; Tpeic; 8iaxu^idvaeic; tcov )(op8cov 1 xai 2. £t/]v Ttepio)(f] 
tou UTiepudpou, ott]v onoia exTeiveTai r] XopS^ 3, ananx>U[i£ r] Xuar] xai /] Tiapdycoyoc; t/]c; 
coc; upoc; u va eivai TteTtepaajievec;. AXXicoc;, 8ev i}a ia)(ue r] Tipoaeyyiar] tcov [iixpcov 8iaxu- 
[idvaecov. 

AnaiToujie oi eyxdpaiec; 8iaxu^idvaeic; 5x oncoc; xai oi [lexa^dkec, touc; aTrjv 8pdar] va eivai 
laec; oto ar\\ie'io auvevcoarjc;, coote va [ir]v andaei r\ auvevcoar] tcov )(op8cov oto u = u$. Eni- 
TiXeov, anaiTou^ie o auvopiaxoc; opoc; nou Tipoxuircei ano xr)v eupear] tcov e$iacoaecov xiv/]a/]c; 
[ieaco t/]c; 8pdar]c; tcov TeTpaycovixcov 8iaxu[idvaecov 5^ va [iT]8eviCeTai. Oi anaiTr]aeic; auTec; 
iao8uva[iouv \iz 

5xi = 5x2 = 8x3 , oxav u = u , 

Tp^ q cos ^i^a;^ + cos 625x' 2 — T„ hn 5x' 3 = , OTav u = uo , (13.7) 

onou )(pr]ai[iOTioir]aa[ie tt]v Ec;.(12.12) yia va anXoTioir]aou[ie t/]v 8euTepr] ay^ear]. 
IIap6[ioiec; o^zoeiq npoxunTouv emar]Q yia tic; ycoviaxec; 8iaxu[idvaeic; 59 

56\ = 862 = SO3 , OTav u = uq , 
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T Pt g cos 9i59[ + T p i s i cos 62662 — T mtn 56' 3 = , oxav u = uq . (13.8) 

Via t/]v TiepiTiTCoar] tcov 8ia[ir]Xcov 8iaxu[idvaEcov, 01 auvopiaxsc; ouvQrpczc,, as avaXoyia [is 
t/]v TiepiTiTCoar] tou [ieooviou, TtpEHEi va Ppsi}ouv ae eva auaTr][ia axo 071010 8ev da aXXdCei 
r\ xXaaixr] Xuar). Auto £TtiTuy)(dv£Tai [isaco t/]<; E£.(7.17). Eto arjjieio auvevcoarjc; 01 81a- 
xujidvaeic; 5u Eivai auve)(£ic; xai auxo o8r]yei ae [iia aauve^eia otic, Sy Xoyco xrjc; E<;.(7.17) 
yia tic; xopSec 1 xai 2. 'Otcoc; Tipiv, [ir]8eviCou[ie tov auvopiaxo opo tiou TipoxunTEi xaxd 
T/]v eupear] tcov auvopiaxcov auvi}r]xcov and tic; ■ XprpijiOTioicovTac; xai xr]v E£.(12.12) 
e)(OU[ie yia tic; 8ia[ir|X£ic; 8iaxu^idva£ic; 5y tic; auvopiaxec; oy^tozic,: 

Syi cot 6*i + Sy 2 cot # 2 — , OTav u — u , 

T p>q cos 3 9 1 8y[ + T p > jq > cos 3 6» 2 tfy 2 ^ T min 5y' 3 = , OTav u = u ■ (13.9) 



13.3 Mt)Bs:vixol xporcoi 

13.3.1 Eyxdcpaioi jjly]8evi,xo[ xpoTtoi 

O tir)8evixoc; xpoiioc; yia tic; eyxdpaiec; 8iaxu[idvaeic; tcov )(op8cov 1 xai 2 tiou ixavonoiei t/]v 
E£.(13.3) Eivai 



.(„)= I 

J u fx y . 



5xi = Oi/iH , h{u)= I ^LJ 9fy , 2 = 1,2, (13.10) 



onou Ta aj Eivai TioXXanXaaiaaxiXEc; aTai^epec;. O [i/]8evix6c; Tponoc; yia t/]v sudda )(opBrj 
Eivai 

6x3 = a 3 / rf-u^ — h aTai^epd . (13.11) 

J u Jx 

Ei8ix£Uovxac; t/]v Ec;.(13.11) yia Ta 7iapd8eiy[iaTa [iac;, -Qa 8ou[i£ oti yia va anEipiCExai 
to 5x 3 r]/xai 5x' 3 OTav to u — >• M miTi , E7uX£you[i£ a 3 = sxai coots va £)(ou[i£ nznepaa\ievr] 
Xuar]. Ottote 5rr 3 = aTai^spd, xai ouveticoc; o [i/]8evix6c; auToc; Tponoc; 8ev EjitpaviCsTai 
axrjv avdXuar] tt]Q euaTdi}eiac;. A716 t/]v E£.(13.7) xai t/]v auvi}/]xr] laoppoiuac; Suvd[i£cov, 
PpiaxoujiE sva ypa[i[iixo auaT/][ia yia tic; TiapajiETpouc; ai, a 2 , tou otioiou r\ opiCouaa TipETiEi 
va [i/]8EviCETai coote va ey_ov\iz Xuar] Tispa tt]Q [ir]8svixr]c;. Me tov Tpofio auTO PpiaxoujiE 



sin 6ih (u ) + sin6' 2 / 2 (-uo) = . 



13.12) 
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Etpoaov Ii(uo) > 0, r] avvdr\xr\ amf\ 8ev [inopei va ixavorcoir^ei xai enojievcoc; xaTaX/|you[i£ 
axo au[ifiepaa[ia oti 8ev undpxouv [i7]8evixoi Tponoi yia tic; 8ia[i/|X£ic; 8iaxu[idvaeic;, [ie auve- 
Tteia auTec; va Eivai £uaTai}eic;. EujiTiepaa^aTixd, 01 eyxdpaiec; 8iaxu[idvoeic; Eivai euaTcrdeic; 
ot/]v TiepiTiTCoar] tou Ceuyouc; 8uovicov oncoc; r|Tav xai axo Ceuyoc; xoudpx-avTixoudpx (8ec; 
evoxTjia 7.3.1). 



13.3.2 Ata^Lrjxeic; ^ly]8evixol xpoTtoi 

St/]v auve)(£ia $a i}ecop/]aou[ie touc; 8ia[i/]X£ic; [ir]8evixouc; Tponouc;. O [i7]8evix6c; iponoc, 
yia tic; 8ia[i/]xeic; 8iaxu[idvaeic; tcov )(op8cov 1 xai 2 tiou ixavorcoiEi tt]v Ec;.(13.3) eivai 



/"°° \/df 

5y i = b i J i {u) , Ji(u) = / <fa — y , i = l,2, (13.13) 

./« lis/ 

onou xa fej eivai TioXXanXaoiaoTixsc; axa'depsc;. O [i7]8evix6c; iponoc, yia t/]v eudeia x°P^A 
eivai 



cfy 3 = b 3 / + axa^epd . (13.14) 

Ju Jy 

'Oncoc; xai Tipiv, yia xa 7iapd8eiy[jiaTa [iac; •Qa 8o6[ie oti yia va \ir\v afieipiCovxai xa 8y% /]/xai 5y 3 
oxav to u — y u m i n , £TuXeyou[i£ to 63 = coots va e)(ou[ie TiETiepaojievr] Xua/]. KaTa auveneia 
o [ir]8evixoc; auToc; Tponoc; 8ev ejicpaviCeTai ot/]v avdXuor] tt]<; euoTd'deiac;. AvTioToi)(a [ie 
Ttpiv, afio tt]v Ei;.(13.9) xai t/]v auvdr|XT] laoppomac; 8uvd^iecov |3pfoxou[ie oti 

cos^ 1 J 1 (m ) = cos^^^o) • (13.15) 

Autt] eivai [iia £c;iocoor] yia tt]v 7iapd[i£Tpo -u auvapTrpei tt]Q oTai}epdc; Ceo^c; tt]c; )(op8r]c; 
xai tcov tpopTicov tcov )(op8cov, r] OTioia [iTiopei va Xui}ei apii}[ir]Tixd. 6a aujipoXiaoujie tt]v 
Xuor] tt]Q, otiou auTT] UTidp)(Ei, [ie u 0c . Ev yevei i}a e^ 011 ^ avaitTuy^iaTa tt]Q \10pyr\c, 

00 

«0c(<7.) = 

n=l 

00 



n=l 



Ettjv tuo arj[iavTixr] TtepinTcoar] t/]<; aXXr]XeTu8paor]c; evoc; xoudpx xai evoc; [iovonoXou, Xoyco 
tou S'-Buixou [i£Taa)(r]^aTia[iou 01 auvTeXeaTec; ae xdi}e Ta^r] tcov avanTuyjidTcov eivai iaoi, 

XIX' (0) (00) (0) (00) 

b/]Xabr] u 0c = Uq c xai u n — u y n ■ 

KaTa avaXoyia [ie t/]v TiepiTiTcoar] t/]c; avdXuarjc; t/]<; euaTai}eiac; tou [ieaoviou (rcapdypacpoc; 
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(«) (P) 
£)(r][ia 13.1: Tpacpixec; napaaTaaeic; tou L(uq) xai tou yia Tl( ? Tiepiirccoaeic; axr]v 

oho'izq UTidpxei aaTai}£ia otic; 8ia[i/|X£ic; 8iaxu[idva£ic;. To 8idypa[i[ia auTO Tiepiypdcpei tic; 
TiepiiiTcoaeic; tt\c, \j.e\avr\c, D3 Ppdv/]c;, noXuxevxpixcov Xuaecov D3 Ppavcov ae [iia acpaipa 
yia xpo)(ie<; oto # — 0- Ta 8idcpopa ei8r] ypa[i[icov avTiaTOi)(ouv ae £uaTcrdr|c; ([laupr] 
ypajip]) [i£TaaTai}r]c; (yxpi ypa[i[ir|) xai aaTai}r|c; (8iaxexo[i[ievr] yxpi ypa[i[ir|), tcov otcoicov 
r] euaxd'Oeia $a xai}opiaT£i afto tt]v avdXuar] tou 16ou xecpaXaiou. 

7.3.2), xBexai r] Epcoirjar] av r] Ti[ir| tt]Q TtapajiETpou -u 0c aupunTei [ie Ta 7tii}avd axpoxaxa 
tou [i/]XOUc; L(u ), ia onoia axr]v TiepiTraoar] tiou UTidp^ouv Ta aujipoXiCou^ie [ie u Qm ( eva 
tutuxo 7iapd8eiy[ia TiapouaidCeTai oto J^yj^ia 13.1) £tt]v TiepiTiTcoar] tou [ieaoviou 8ei^a[ie 
avaXuxixd oti Ta evepyeiaxd £7ti)(£ipr|[iaTa xauTiCovxai [is t/]v avdXuar] t/]c; euaTdi}eiac; tt\c, 
xXaaixr] Xugegx;, 8r]Xa8r| -u 0c = u 0m . AouXeuovTac; avdXoya [ie t/]v TiepiTtxcoar] tou [ieaoviou 
afio tic; E<;.(12.9) xai (12.10) xai )(pr]ai[iOTioia)VTac; t/]v Ec^.(12.12) yia va Ppoujie oto a/][i£io 
laoppoTiiac; t/]v napdycoyo tcov Ui coc; Tipoc; to u , xaTaXr]you[ie otic;: 

L'(u ) = (sin^^ + sin^) , 

£'(«o) = ^fyoSmO^g (sin 9 1 K 1 + sin 9 2 K 2 ) , (13.17) 
oi OTioiec; excppdaeic; eivai avdXoyec; [iETac^u touc; xai e)(ou[i£ opbei 

(^P) 77 * W2 , * = 1,2. (13.18) 

H Ti[i/] yia tt]v oftoia r\ El!;. (13. 15) ixavonoiercai eivai 8iacpopeTixr| ano tt]v uq = Uo m onou 
xai ia)(uei L'(u 0m ) = E'(uQ m ) = 0. 'Oticoc; i}a 8ou[ie, aTa 7tapa8eiy[iaTa, r\ aaTai}eia ejacpa- 
viCeTai yia [iixpoTepec; Tijiec; (w 0c < %„), auvencoc; T[ir|[ia tou dvco xXa8ou eivai euaTai}ec; 
xaTco afio [iixpec; 8iaxu[idvaeic; TiapoTi e)(ei [ieyaXuTepr] evepyeia afio to avTiGTOi)(o T[i/][ia 
tou xaTco xXa8ou. IlapoXa auTa, r] aTioxo[i[ievr] hdia^i] eivai TipoTi[ir]Tea evepyeiaxd yia 
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okec, tic, "dexixec; Tijiec; tt]c; evepyeiac;. Otiote to [iepoc; tou dvco xXd8ou to otoio r|xav 8ia- 
TapaxTixd euaTai}ec; eivai ot/]v Tcpay^aTixoTrjTa [ieTaoTai}ec;. To yeyovoc; oti woe 7^ wo™ 
[iitopei va 8ei)cdei avaXuTixd yia [iixpec; OTai}epec; Ceui;T]c; yia tt]v tiio ar][iavTixr| Tiepiirccoor], 
tt]v aXXrjXeTu8paar] xoudpx xai [iovoitoXou. Mfiopoujie va Bei^oujie oti 

L'(u ) = -%£= [°°du d u ( ^ ) 1 + Ofo) , (13.19) 

y JyO Ju \ J y J Uy Jyo) 

([iaCi [ie [iia avdXoyr] avdfiTU^r] yia t/]v evepyeia E(uo)). A716 t/]v excppaa/] auTr| [iiropou[ie 
va UTioXoyiaou[ie tov opo 7ipa)TT]c; Ta$ecoc; ae [iia avdfiTUar] t/]c; 7tapa[ieTpou u 0m ae avTi- 
axoi)(ia [ie TT]v E^.(13.16). Xpr]ai[ioitoicovTac; tic; E^. (12.18) xai (12.19) xai t/]v TauTOT/]Ta 



Ji(u ) = 2K t (u ) + 2 V9 ° , (13.20) 

T] 07101a [iTiopei va ano8ei)($ei [ie oXoxX/]pcoar] xaTa TiapdyovTec;, Ppiaxoujie oti i] ow&f}Xf] 
uxapc;r]c; [ir]8evixou xpouou E£.(13.15) yiveTai 

^ f°° du^- = 0{g s ) , (13.21) 



fyO J mo /j/ 

ajio t/]v 07101a [iTiopoujic va Ppoujie tov opo TipcoT/]c; Ta^ecoc; u^} oto avdnTuyjia tt]c; 
Ec;.(13.16). EuyxpivovTac; tic; E£.(13.19) xai (13.21) Ppiaxoujie oti ev yevei ufl t 7^ uf} 
xai xaTa auvefteia /] u\if] tt]Q TiapajieTpou m yia tt]v 07101a e)(ou[ie [ieyiaTO [i/]Xoc; -u 0m eivai 
8iacpopeTixr] aito t/]v Ti[i/| yia t/]v 07101a e)(ou[ie UTiapc;r] [ir]8evixou Tpoxou woe otic; 8ia[i/|xeic; 
8iaxu[idvaeic;, o otioioc; auvendyeTai t/]v aaTai}eia tou auaTT|[iaTOc;. 

IIapaTr]po6[ie eiuarjc; oti t] E^. (13.21) [inopei va Tipoxutpei ano tic; auvopiaxec; auvdr|xec; 
E£.(13.9) eiBixeuovTac; ot/]v TiepifiTcoar] t/]<; Xua/]c; [i/]8evixou Tponou yia tic; 8ia[ir|xeic; 81a- 
xujidvaeic;. ToviCoujie oti ot/]v a7i68eic;r] e)(ou[ie evaco^iaxcoaei eva TiapdyovTa l/g s ot/]v 
noXXanXaaiaaTixr] aTai9epd tt]Q 8euTepr]c; )(op8r]c;. Suveucoc;, eivai Tipocpavec; oti TiapoTi /] 
SeuxEpr] X°p5^ dxafiiiTr] xai a)(e86v eui^eia, 01 8iaxu[idvaeic; tt]Q eivai as auCeu^r] [ie 
tic; 8iaxu[idvaeic; xr]Q TipcoTTjc; )(op8/]c;. Avtiotoix/] enixeip/lliaToXoyia undp)(Ei xai yia tic; 81s- 
yepjievec; xaTaaTaaeic;. To TiapaTidvco emy_eipma ec;r]yei yiaxi oto opio g s — >■ (r| ^ s — )■ 00) 
01 auvdir]xec; UTiapc;r]c; [ir]8evixou xpouou eivai 8iacpopexixec; [ie t/]v TiepiTiTcoar] tou [ieaoviou 
TiapoXo tou to ar\\ie'io aTpocpr]c; — >■ m (r\ u 2 — > Mo) xca xaTa auvefieia 01 e^iacoaeic; tcov 
8iaxu[idvaecov (13.3) eivai 01 i8iec; [ie t/]v TiepiTiTcoar] tou [ieaoviou. Auto ocpeiXeTai ot/]v 
UTiapc;/] 8iacpopeTixcov auvopiaxcov auvdr]xcov. 

TeXoc;, i}a a)(oXidaou[ie av o UTioXoyiajioc; tcov 8uva[iixcov 8uoviou-8uoviou [ieaco t/]c; avxi- 
OTOi)([ac; AdS-CFT xapapidCei xdxoiec; yevixec; ap)(ec; ae a)(ear] [ie to 7ip6a/][io xai t/]v 
[iovoxovia tt]c; 8uva[iT]c;. Tia Tiapd8eiy[ia, oticoc; xpoavecpep'dei ot/]v TiepiTixcoar] tou [ieaovi- 
ou r] 8uva[i/] Tipefiei va eivai eXxTixr] xai va eivai [iia au^ouaa auvdpT7]ar] t/]c; aTioaxaarjc; 
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[26]. Autt] r] auvdrjxr] xupTOTTjTac; [iac, o8/]yei a to au[iTepaa[ia oti o dvco xXd8oc; tou 8ia- 
Ypoqijicaoc; E — L eivai ao-Tai^c; xai to yeyovoc; auTO £Tif3£[3aico'dr)X£ aTO t/]v avdXuar] t/]<; 
euaxordeiac; t/]c; xXaaixr|c; Xuaecoc;. Ett]v TepiTTCoar] [iac;, xp^oi^onoicovxac; tt)v E£.(13.17), 
PpiaxoujiE 

cii? T p g sin 



d 2 S _ Tp^sin^i /^o 



(13.22) 



dL 2 " 4tt ^~ L>(u ) ' 

r] OTOia [iTopei va ypcxcpsi as au[i[iexpix6 xpofio yia tic; y^opMc, 1 xai 2 xprpijiOTOicovTac; t/]v 
y auvioTcoaa tt]Q ouv&f}xr}Q e^ioopp6nr}or}Q 8uvd[iecov. To anoTeXeajia ttjc; Ec;. (13.21) Eivai 
avdXoyo [i£ auxo axr]v TepiTTCoar] tou [icaoviou E£.(6.20), [22]. Ato t/]v dXXr] nXeupd, Ppr|- 
xajie oti \iepoQ tou dvco xXdBou Eivai BicaapcQruxd euaTai}ec;, otote r] auvdr|XT] xupTOTTjTac; 
epxetai as avTii}ear] [is t/]v avdXuar] t/]<; £uaTdi}eiac; as auTT|v tt]v Tieprnxcoar). f2aToao, 
aTTjv nEpinTtoar] [iac; 8ev TpoxuTTei auv$r|XT] xupTOTTjTac; and tt]v avdXuar] tou Pp6)(ou Wil- 
son yia T/]v TepiTTCoar] evoc; papiou Ceuyouc; xoudpx xai [iovoitoXou. Auto tou [iTopoujie va 
8e£^ou[ie ot/]v TiepinTcoor] [iac; eivai oti [is XP 7 ! 07 ] xaTOTTpiajiou xai itkTixoTrpxxc;, r\ evepycia 
tou Ceuyouc; TpoxuTTei va eivai [ieyaXuTepr] f\ xai iar] aTO tov [ieao opo evepyeicov tcov 
auaTTjjidTCOV xoudpx-avTixoudpx xai [iovoToXou-avTi[iovoToXou. 2 



13.3.3 Tcoviaxoi ^lt]8evlxol xp6:toi 

Tia touc; ycoviaxouc; [i7]8evixouc; TpoTOUc; 8ev [iTopoujie va ypd^oujie t/]v Xuar] yia TOV \nfie- 
vixo TpoTio Xoyco UTiap^c; tou opou [idCac; otic; avTioToi)(£:c; e^iacoaeic; Sturm-Liouvlle ot/]v 
TpiTT] Ypa[i[ir] tcov E£.(13.3) xai (13.5). Tia to Xoyo auTO, i}a avaTTUc;ou[ie tt]v avTiaToixr] 
[iei}o8oXoyia aTa Tiapa8eiy[iaTa tou $a Xuaoujie. H [iei}o8oXoyia amr] aTTjpiCetai ot/]v Tepi- 
ypacpr] tou TpopX/][iaToc; [ieaco t/]<; ei;iacoar]c; Schrodinger tou avaTTU<;a[i£ ot/]v Tapdypacpo 
(7.3.3). 



2 9oc ri'deXa va suxapiaxiqow tov Ka r dr)yr)Tr] Kwaia M7iax a Y ia auxrjv xr]v uX/jpocpopia. 
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Kecp&Xouo 14 

nocpocBsLY^Jiorcoc xXocaixcov Xuaecov 



Se auTO to xecpdXaio, $a ^ieXeTr|aou[i£ t/]v aujinepicpopd tcov Buvajiixcov Buoviou-Buoviou xa 
onoia TipoxunTouv afio tov UTtoXoYiajio tou Pp6)(ou Wilson yia un6pai}pa Ttou avTiaxoi)(ouv 
ae [isXavec; L>3 Ppdvec; xai ae TtoXuxevTpixec; D3 Ppdvec;. 



14.1 MsXocvsg D3 Ppdvsg 

Exr)v nepiTiTcoar] auTTj r\ [iexpixr] auTou tou U7iopdi}pou axo opio t/]<; ^ecopiac; TieBiou xai 
01 auvapxr]aeic; (g, f y , f x , fe,h) 86i}/]xav otic; E^. (8.1), (8. 3) xai (8.4), otiou e)(ou[ie xavo- 
vixoTioirpei to [ir|Xoc; xai t/]v evepyeia toe; L — > —L , — > — i?. £tt]v TiepiTiTCoar] auxr] 
e)(ou[ie on u m in = Wp^ a = 1. Via to auaxr][ia 8uoviou-8uoviou Ppiaxoujie Xoinov oti to 
\if\xoc, tou BivsTai auvapxr|aei tou ar^eiou auvevcoar]c; u coc; s^rjc;: 



i? 2 



Ju\ - 1 /°° - £ +(i^2)l = L 1 + L 2 , 



T^^T^ /3 1 1 7 1 «f 



xai otiou r] evepyeia Bivexai ano 

= + T p ^ q i£ 2 + T mjTl (u — 1) , 



'm 4 


- 1 







^ = / dulJ-r—r-l)-^-!) (14.2) 



113 1m 



= -« Fi ( -7,-^,77,7,-4,-4 )+ 1 » i = l,2. 



4' 2'2'4'm 4 'm 
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Sxr)v napan&vco excppaar] r\ Fi(a, b±, b 2 , c, zi, z-i) eivai r] U7iepyeco[jieTpix/| auvdpxr]or] Appell 
xai u ^ Ui ^ 1. A716 xr]v E^. (12.12) Ppiaxoujie oti xa orjjieia aTpocp/]c; yia tic; 860 x o p8e<; 
Bivovxoa ano 

= « " («o - !) co§2 ^) V4 > * = 1,2 , (14.3) 

onou 01 ytoviec; 0j 8ivovxai ano tt]v Ec;. (12.14) aav auvdpxrjar] tcov cpopxicov tcov )(op8cov. 
EcpapjioCovxac; t/]v E^. (13.17) ae aUTT|V TiepixTCoar] Ppiaxoujie oti: 

4m ^ 

L'(uo) = ^ 2 ° (sin^^i + sm6 2 K 2 ) , 
V M o - 1 

3 „ (1 1 1 11 1 uf\ 1 /3 1 1 7 1 



^ 28^ Fl ( v 4'2'2' 4 '<4J 12 M 3 Fl V4'2'2'4'^' M 4j • ( 144 ) 

H auvdpxrpr] L(u ) £X ei ^ va °^ lx o ^Y laTO u 0m Y ia xdds xi[ir] t/]c; aTai}epd<; Ceuc;r]<; tt]<; 
Xop8r]c;, rj i}ear] tou oxoiou e^apxdxai afio tt]v aTai}epd auTT| xai yia TO auaTT][ia xoudpx 
xai [iovoTioXou PpiaxoujiE t/]v Tiapaxaxco avdxTui;/] 

u 0rn ~ 1.177 - 0.037<? s + C% s 2 ) . (14.5) 

Tia L > L max , [iovo r] anoxo[i[ievr] Xuar] undpxei- Tia L < L max , r\ EH;. (14.1) eyei 860 Xuaeic; 
yia t/]v Tiapdjiexpo u , 01 oho'izq avTiaTOixouv axr]v xovtt] xai [iaxpud X°pSf|, f] evepycia 
.E Eivai [iia 8iTi[ir] auvdpxr]ar] tou [ir|Xouc; L. H auptepicpopd nou Tiepiypdtjjajie Tiapandvco 
ejicpaviCexai axo Xx 7 !! 10 ' 13.1 xai Eivai TxavojioiOTUTiT] [ic t/]v aujiTiepicpopd tou [lypcouc; xai 
t/]c; evepyeiac; axr]v TiepiTiTcoar] tou [ieaoviou, 8ec; Tiapdypacpo 8.1. Qoiooo, r\ oujiTiepicpopd 
touc; 8iacpepei xaTco afio [iixpec; 8iaxu[idvaeic;, acpou oucoc; i}a 8ou[ie [ie XeTiTO[iepeia gto 
eno^ievo xecpdXaio, \iepoc, tou dvco xXd8ou eivai 8iaTapaxTixd euaTai}ec;. H xXaaixr] Xuar] 
tou Tiepiypd(|)a[ie TtapaTidvco xai f] 8ixi[ir] aujiTtepicpopd tt]Q evepyeiac; ex et £nior)c, Tiepiypacpei 
ot/]v epyaaia [49]. 



14.2 rioXuxevxpLxec; Xoasiq D3 [3pocvtov as xpiBioc- 

CTTOCTT] acpOCLpOC 

St/]v auvex^a [ieXexr]aou[ie t/]v ei8ixr] TiepiTiTcoar] ojioiojiopcpcov xaTavojicov D3 Ppavcov 
Tidvco ae [iia ae Tpi8idaTaT/] acpaipa. St/]v TiepiTiTcoar] auTT] r] ^lexpixr] auTou tou UTiopdi}pou 
oto opio tt]Q i^ecopiac; tie8iou xai 01 auvapTrpeic; (g, f y , f x , fg, h) 86i}r]xav otic; Ei;.(8.23), 
(8.24), (8.25) xai (8.26), otiou zyp\})±z xavovixoTioir]aei to \ir\xoc, xai t/]v evepyeia coc; 

—L ,E ^ —E. 

r 27r 
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14.2.1 H xpo)(i& yioc 9q = 



Se auxT] t/]v TiepiTiTCoar] ex ou l ie ° Tl M mm = M p££ a = 1 xca Ta oXoxXrpcojiaxa yia to aBidaxaxo 
[i/]Xoc; xai xr]v aBidoTaxr] evepyeia 8ivovxai ano: 



L = R \ u n u{ - 1 



„„ u ^{u 2 -l){u 2 -u 2 ){u 2 + u 2 -l) 



1^2) 



xai 



ft = 



14.6) 



du 



uo 



u 2 -l 



U \ 



u 2 — u\){u 2 + u\ — 1) 



V / 2M^T[A;f (K(fci) - F(^, hi)) - (E(^) - E(^, fcj))] (14.7) 

2=1,2, 



+ 



K-^)K + ^-i) 1 



«g-i 



onou F(z/, fc), E(z/, fc) xai a, k) Eivai xa [ay] TiXr]pr] eXXeiTmxd oXoxX/pcojiaxa Ttpcoxou, 
Beuxepou xai xpixou eiBouc; avuaToi)(a, evco K(/c),E(/c) xai H(a,k) eivai xa avuaToi)(a 
TtXrpr), [ie: 



-1 "o 



Hi = sin 

Atio tt]v E£.(12.12) Ppiaxoujic oti 



«g-l 



z/ ? - = sin 



-l 



2u 2 



< + uj - 1 



;i4.8) 



1 + 



Mi = 



At = 1 + Au 2 (u 2 - l)sm 2 6 t , 



1,2, 



14.9) 



otiou oi ycoviec; 0, Bivovxai aim t/]v E£.(12.14). H auvaptrjar] tou [ir|Xouc; L(u ) E)(Ei ^ va 
oXixo [ieyiaxo to otioio e^apxdxai ano t/]v aTai}epd t,z<SE,rf xrf yppbrf g s . H cujiTtepicpopd 
eivai avdXoyr] [ie t/]v Ttepuraoar] tou jieaoviou tlou 7iepiypdt|ja[ie axr]v Tiapdypacpo 8.2.2 oao 
xai [ie xr]v TiepiTiTcoar]c; tlou 7iepiypd(|ja[ie Ttpiv tt]Q auvevcoorjc; )(op8a)v yia [ieXavec; .D3 [3pdve<;. 
H aujiTiepicpopd auxr] e[icpaviCexai axo S)(r][ia 13.1. 
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(«) (P) 
S)(r][ia 14.1: Tpacpixec; Tiapaaxdaeic; tcov L(u ) xai -E'(-L) yia tic; Tispurccoaeic; tiou Tiidavcoc; 
UTidpxei aaxd^eia r] OTioia ocpeiXexai ae ytoviaxec; Biaxujidvaeic;. £r][i£ia)vou[i£ t/]v ejicpdviar] 
evoc, 8uva[iixou eyxXcopiajiou yia tic; TiepiTrccoaeic; tiou UTidp)(ouv aaxd^eiec; tiou va ocpeiXovxai 
ae ycoviaxcc; Biaxujidvaeic;. Autec; 01 ypacpixec; Tiapaaxadaeic; xaXuTtxouv to TiapdBeiy^ia [iac„ 
yia TioXuxevxpixec; L>3 Ppdvec; Tidvco ae [iia acpaipa xai yia xpo)(id 9 = ir/2. H arpaaia tcov 
axidaecov sivai oticoc; axo Sx 7 !! 10 ' 13.1. 

14.2.2 H xpoxioc yia = tt/ 2 

Se auxT] t/]v TiepiTiTCoar] e^ 011 ^ ° Tl u mm = 1 xai Wp[£ a = 1. EtutiXeov xa oXoxXrpcojiaxa yia 
to aBidaxaxo [i/]XOc; xai tt]v aBidaxaTT] evcpyeia Bivovxai aTio: 



xai 



L — R \ui = + (l->2) 

J« U^{U 2 - 1)(-U 4 - M*) 



i? 2 ^n(z/ 1 ,|,A; 1 )-F(z/ 1 ,A; 1 ) 



v 7 ^ V M i 



+ (l->2) , (14.10) 



— T Pt qE\ + T p i jq i£ 2 + T m ^ n yJ Uq — 1, 

5 f°° dtm f ^ - A r° dtm (14 LI) 

= v^(E(^ h) - Eft)) + ^=F(u t , h) - / MZjpM+j l , 

v ^ V M ° ~~ 



otiou xcopa 



ki — \l ' ^ — ^ ' 
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(14.12) 



Atio xr]v E£.(12.12) PpiaxoujiE oti 

Ui = uq a/ sin 9i , i — 1,2 , (14.13) 

onou oi ycoviec; 0, Bivovxai onto t/]v E£.(12.14). Se auxr] tt]v TiepiTiTcoar] r] L(uq) eivai 
yvrpicoc; [jIovotovt] cpiEMvouaa tiou caieipiCsTca axo imepui^po (uq — >■ 1) xai [irjSsviCsTou axo 
UTiepicoBec; (u — >■ oo). Atio xrjv Ec;. (13.22) au^iTiepa[vou[ie oti r) evepyeia eivai [iia yvrpicoc; 
au^ouaa auvdpxr]ar] tou [irjxouc; L. H aujiTtepicpopa oarer] cpaivexai axo T,yrf\\ia 14.1. H 
aufiTxepicpopd eyxXcopiajiou eivai avdXoyr] [ie t/]v TiepiTiTcoar] tou [aeaoviou, Bee; Tiapdypacpo 
9.3.2 yia # = vr/2. 



88 



Kecp&Xouo 15 



E8co i}a ecpapjioaoujie t/]v avdXuor] euaTai}eiac; tiou avaTTU^ajie axo 13o xecpdXaio yia Ta 
Tiapa8eiy[iaTa tou 14ou xecpaXaiou. 0a Ppoujie oti yia Tl C [ieXavec; L>3 Ppdvec; aXXd xai yia 
t/]v acpaipa, oxav # = TiapaT/]pen:ai aaxdi}eia tiou ocpeiXexai otic; 8ia[ir|xeic; 8iaxu^idvoeic; 
xai avTiaxoi)(ei ae [lepoc; tou dvco xXaBou, evco oxav 9 = tt/2 e)(ou[ie aaTai}eia Xoyco tcov 
ycoviaxcov 8iaxu[idvaecov axo UTiepu^po. 



15.1 H au^jL^jLopcpr] TtspiTtxtoar) 

Via 7tXr]p6T7]Ta, $a i}ecopr|aou[ie Tipana t/]v au[i[iopcpr] Tieprnxcoar), r] OTioia avTiaToi)(ei aio 
opio otiou — > xai r — > otic; TiapaTidvco Xuaeic;. H xXaaixr] Xuar] yia auvevcoar] 
)(op8cov E)(Ei [ieXeTr]i}ei axr]v epyaaia [48]. Ecpoaov 8ev UTtdpxei e^dpTrpr] afio tt]v ycovia 
oi ycoviaxec; 8iaxu[idvaeic; 5# eivai iao8uva[iec; [ie tic; eyxdpaiec; 8iaxu[idvaeic; 5x xai coc; 
ex toutou eivai euaTai}eic;. Atio t/]v dXXr] TtXeupd yia tic; 8ia[ir|xeic; 8iaxu^idvaeic; upend va 
Xuaoujie t/]v E£.(13.15). Atio t/]v E^. (12.12) Ppiaxou^ie oti 

Ui = uq a/ sin #j , i = 1, 2 , (15.1) 

otiou oi ycoviec; ^ 8ivovTai aTto t/]v E£.(12.14). Etuot]c; UTioXoyiCoujie Ta oXoxXrpcojiaTa Jj 

J <w^^(i'II-3)' (15 ' 2) 

Xpr]ai[iOTioicovTac; Ta TiapaTidvco, [iTiopoujie va 8ou[ie oti t] E£.(12.12) 8ev iyei Xuar] yia xajiia 
Tip] TTjc; Tiapa^ieTpou g s , eTiojievcoc; oi auvevcoaeic; )(op8cov eivai euaxadeic; ott]v au[i[iopcpr] 
TtepiTiTCoa/]. 
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15.2 MsXocvsg D3 ppotvsg 



Ettjv auve)(eia 'da jieXeT/|aou[ie t/]v TtepiTiTcoar] tcov [ieXavcov D3 Ppavcov, axr]v ono'ia r\ evep- 
yeia eivai [iia SiTijar] auvdpxr]ar] tou [i/jxouc;. 'Otcoc; xai Ttpiv, ecpoaov 8ev uitdp)(ei e^dpTTjar] 
ajio xr]v ycovia 01 Biaxujidvaeic; <5# eivai iao8uva[iec; \ie tic; 5x xai xcad auvefieia eivai 
euaTadeic;. Tia tic; 8ia[i/|xeic; TipeTiei va Xuaoujie xrjv Ec;.(13.15), otiou 

/ x 1 (?> 1 3 7 1 uf\ , 
J ' W = 3^ F '(4'-2'2'4'<4J ' i = 1 ' 2 ' <15 - 3) 

H ec;iacoar] (13.15) e)(ei Xuor] yia xdi}e xi[ir] tt]Q aTa'depdc; Ceu^c; xrf yppbrf g s . H u\ir} u 0c , 
eivai [iixpoxepr] auo t/]v Ti[i/| -u 0m yia tt]v onoia e)(ou[ie ^Y laTO Tia [iixpec; aTai}epec; 

Ceu£r]<; xai yia to auaxr][ia xoudpx-[iovoTi6Xou e)(ou[ie Sei^ei oti r] E^.(13.15) TtpoaeyyiCeTai 
[ie t/]v Ec;. (13.21) xai /] OTioia axr]v TtepiTrccoar] [iac; laouxai [ie 

H Xuar] /] oitoia 8ivei t/]v xpiaiji/] xi[ir] t/]c; TtapajieTpou Mo Y ia Tr ] v °TOia e)(ou[ie aaxd^eia 
ae Tipcoxr] xdc;r] eivai 

m 0c ^ 1-117 - 0.166^ + 0{g 2 s ) , (15.5) 

otiou e)(ou[ie emar]Q aujiuepiXdpei xai t/]v 8i6pi}coar] 7ipcoT7]c; xd^ecoc;. H avdnxuc;/] auxr] Eivai 
Biacpopexixr] auo to avTiaxoi)(o avduTuyjia yia t/]v -uo m oTTjv Ec;.(14.5). Okote [iepoc; tou 
dvco xXdBou eivai Biaxapaxxixd euaTai}ec;, [iia aujiftepicpopd r\ orcoia 8ev avajievoTav auo e- 
vepyeiax/|c; aitotjjecoc;. £t/]v auve)(£ia i}a auyxpivoujie to jieyioTO \if\xoq yia tic; nepinTcoaeic; 
tou Ceuyouc; xoudpx-avTixoudpx xai tou Ceuyouc; xoudpx-[iovo7t6Xou. Kadcoc; to g s \ieja- 
pdXXeTai afio [iixpec; as [ieydXec; Tijiec; Ppiaxoujie oti Lf™ x — (0.425 ± 0.005)i? 2 , evco yia 
to Ceuyoc; xoudpx-avTixoudpx afio tt]v E£.(8.8) £x ou K £ ° Tl ^IL — 0.869-R 2 ~ 2L^ X . Ila- 
paTTjpoujie oti to Ceuyoc; xoudpx-[iovon6Xou eivai TiepiaaoTepo i}copaxia[ievo afio to Ceuyoc; 
xoudpx-avTixoudpx xaTa evav TiapdyovTa 8uo. H aupiepicpopd amf] Eivai yevixr] xai i}a t/]v 
auvavTr]aou[ie xai aTa dXXa 8uo TiapaBeiyjiaTa. 

15.3 rioXuxsvTpLXSc; D3 ppotvsg tlocvco as acpocipoc 
15.3.1 H xpo)([a yia 9q = 

Oi ycoviaxEc; Biaxujidvaeic; eivai euaTadeic; Bioti to Buvajiixo Schrodinger xdi}e xop8r]c; eivai 
"deTixo yia oXec; tic; Tijiec; tou Ui, Ec;.(9.20) xai u — > u-i yia i — 1,2. Tia tic; 8ia[i/]xeic; 
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£ln ^ =0(s.). (15.7) 



Biaxu^idvaeic; Ttpenei va Xuaou^E xrjv Ec;. (13.15), oxou 

Z" 00 , mVm 2 - 1 
Ji{u ) = / rfw ' i = l,2. (15.6) 

Ju (U 2 (U 2 - 1) - W 2 (w 2 - l)) 3 /2 

H E^bcoar] auTr] iyei Xuar] yia xdi}e xi[ir] tt\c, axa'depdc; Ceui;r]c; Tr]c; )(op8r]c;. 'Chav auxr] 
Tiaipvei [iixpec; tijiec; tote yia to auaTr][ia xoudpx-[iovoir6Xou, r\ E£.(13.15) TtpoaeyyiCexai 
axo xr]v E^. (13.21) r] OTioia ax/]v Tiepiirccoar] [lac; laouTai ^ie 

2m 2 , _ Uo ( u + 1 ' 
2w 2 -l 2 n VM -l, 

H Xuar] t/]c; E£.(15.7) [iac; 5ivei 8(vei as sparer] xd^r] xr]v xpiaijar] xi\xr\ tt\c, TiapajiETpou u yia 
t/]v oxoia £)(ou^e aoTa-deia 

« 0c - 1-084 + 0(g s ) . (15.8) 

Euvehcoc;, \iepoc, tou dvco xXdBou sivai BiaTapaxTixd euaTai}ec; otcoc; axr]v Tiporjyou^ievr] 
TiEpiHTCoar). 'Oticoc; xai Ttpiv, $a auyxpivoujie to [ieyiaxo \ir\xoc, yia tic; TiepiTrccoaeic; tou 
Ceuyouc; xoudpx-avTixoudpx xai tou Ceuyouc; xoudpx-^iovonoXou. Kai}coc; to g s [lETapdXXexai 
ano [iixpec; ae [ieydXec; xijiec; e)(co oti — (0.425 ± 0.050)i? 2 , evco yia to Ceuyoc; xoudpx- 
avTixoudpx ano tt^v E£.(8.31) ey^ie Lf ax ~ 1.002i? 2 ~ 2.3L^ X . 

15.3.2 H xpo)([a yia 6*o = tt/2 

Oi 8ia[i/]xeic; Biaxu^dvaeic; eivai suaxa'deic; 8i6ti oxcoc; [ixopoujie va Bei^oujie r\ E£.(13.15) 8ev 
EX^i Xuar]. EvaXXaxxixd, Ta 8uva[iixd Schrodinger tou 7ipopXr|[iaToc; eivai $eTixd, Ec;.(9.23) 
xai u — > ui yia i — 1,2. Tia tic; ycoviaxec; Biaxu^idvaeic; to 8uva^iixo eivai [iia aTai^epd 

V e = -1, i = l,2. (15.9) 

H aXXayr] [ieTa(3Xr]Tcov yia tic; 8uo yopMc, eivai 

z i («) = ^ 7 =F(i/ i ,fc i ) , 2 = 1,2, (15.10) 

otiou z/j xai ki SivovTai ano tic;: 



■ -l I 2u§sin0 i \ /wgsin^ + 1 . 

"< = sm (V ^ + M g 3 ino, J ■ ** = V ■ ! = 1 ' 2 ' (15 ' n) 

H Xuar] tou avTiaToi)(ei aTr]v e^bcoarjc; Schrodinger yia tic; yopMq i = 1,2 xai ixavoxoiei 
Tr]v auvopiaxr] e^iacoar] (13.6) oto unepicoBec;, laouTai [ie 

3di(zi) = Ci sin 2j , 2j G [0,0] (oTav m G (oo,m ]) , = ^(^o) , (15.12) 
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onou 01 Cj eivai TioXXanXaaiaaTixec; aTai^epec;. H eui}eia X°p5f| TtaiCei poXo otic; auvopiaxec; 
auvdr|xec;, xai r\ aixia Eivai o opoc; [idCac; tiou U7tdp)(Ei ot/]v E£.(13.5). Tia t/]v eu^eia 
XopBr] e)(ou[ie 860 ypajijiixec; ave^dpT/pec; Xuaeic; sin z xai cos z, otiou r] xaxdXXrjXr] aXXayr] 
[i£tapXr]Tcov eivai 

2 = ^-sin~ 1 -. (15.13) 

Ga ^leXex/pou^e [ie XeTTOjiepeia [iovo tt]v Xuar] sin z xai $a a^okidaov[ie ot/]v auve)(eia 
xr]v yevixr] Xuar]. Ano tic; auvdrjxec; auppacpr|c; axo -u = -u Ec;.(13.8) £x ou K s 



sin($ 9 ) 

sin^! sin^i cos £2 + sin# 2 sin£ 2 cos^i 7—5 r s i n Ci sin £2 = . (15.14) 

M u o - 1) 



St/]v TiepiTiTcoar] tou Ceuyouc; xoudpx-[iovon6Xou, [iTtopou^ie va )(prjai^ioTioir]aou[ie t/]v a)(eaT] 
#1 + $2 = 7r /2 xai va a7iXoTcoir|aou[ie tov Tiapandvco tuto. EninXeov, yia [iixpec; aTai^epec; 
Ceuc;r]c; r] Ec;.(15.14) aTiXoTioieixai ott]v: 

u,i (i + vi=T)- i ' o( "°- l)=0(9 ' ) - (l515) 

H Xuar] auxr]c; [iac; 8ivei ae Ttpayur] xd^r] tt]v xpiaiji/] xijir] tt]Q TtapajieTpou u yia t/]v onoia 
e)(ou[ie aaTai}eia afio tic; ycoviaxec; Biaxujidvaeic; 

u 0c ~ 1.378 + . (15.16) 

H aujinepicpopd eyxXco|3ia[iou e ^ vat aaxai}r]c; 8i6ti r] E£.(15.14) E)(Ei Xuar] yia xd$e Ti[i/| tt]c; 
aTai}epdc; Ceu^r]c; tt\q y_op§r\Q. Kai^coc; to g s [leTapdXXexai aiio [iixpec; ae [ieydXec; Tijiec; 
Ppiaxoujie 6x1 ~ (0.560 ± 0.040)i? 2 , evco yia to Csuyoc; xoudpx-avxixoudpx aito tt]v 
E£.(9.26) exou^ie oti Lf ~ 1.700i? 2 ~ 3L^ m . 

'Av ei)(a[ie i}ecop/|aei tt]v yevixr] Xuar] tt]c; ec;iacoa/]c; Schrodinger yia t/]v eui^eia x°P^i 
8r]Xa8r] cos(z + 0), $a eixajie xaxaXr]c;ei ae avdXoya aTioxeXeajiaTa exxoc; afio tt]v Tiepiirccoar] 
tiou avTiaxoi)(ei ae = yia t/]v 07101a 8ev ey_ov\ie aaTai}eia. Kaxd auveneia xa TiapaTidvco 
aTioTeXeajiaTa eivai xeXeicoc; yevixd. 

TeXoc;, avacpepoujie eTnypajijiaxixd xa anoTeXea[iaTa yia t/]v xatavojir] .D3 Ppavcov Tidvco 
ae 8iaxo. Tia 6*0 = n/2 /] Xuar] eivai euaxai}r]c; xdxco ano 6Xa xa ei8r] 8iaxu[idvaecov, evco 
yia ^o = eivai euaxai}r]c; xdxco afio 8ia[ir]xeic; xai eyxdpaiec; xai aaxai}eic; xdxco ano tic; 
ycoviaxec; Biaxapa^ec; [iexd afio eva auyxexpijievo [ir]Xoc;. Auxr] t] aujiTiepicpopd eivai avdXoyr] 
[ie tt]v TiepiTixcoar] tou Ceuyouc; xoudpx-avxixoudpx ax/]v onoia to [ir]Xoc; i}copdxiar]c; r]iav 
avec;dpxr]TO ano tov npoaavaToXia[i6 tt]Q )(op8r]c;. 
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Mepog IV 
Bapuovia 



Kecp&Xouo 16 
ELaaycoyrj 



Sto TiXaiaio tt]Q avTiaToi)(iac; AdS/CFT to papuovio opiCexai coc; r) Seajiia xaxdaxaar] tiou 
a)(r][iaTiCouv A" xoudpx, xa onoia Ppiaxovxai axo auvopo tou AdS 5 TOTioi}eT7][ieva axa dxpa 
AT -de^ieXicoBcov )(op8cov xai oi OTioiec; exTeivovxai \xey_pi evav xojipo (vertex) a to eacoxepixo 
tou AdS 5 . Kdi}e X°P^ ouveiacpepei [iia [iovd8a tpopTiou, coots to 0X1x6 tpopTio va 8iaT/]pei- 
xai otov xojipo. 'Oticoc; TipoTdi}/]xe ot/]v epyaaia [50] [iia D5 Ppdvr] da enpene va xuXijfdei 
yupco aTio t/]v eacoTepixr] TievTaBidaxaxr] atpaipa, S* 5 , xai Xoyco t/]c; Tiapouaiac; xrjt;, UTidp)(£i 
[iia auCeu^r] [iexac;u tou opou Wess-Zumino xai tou r]Xexxpixou TieBiou t/]c; Dirac-Born- 
Infeld (DBI) outcoc; cootc va 8iaxr]peixai to auvoXixo cpopxio. Amf] r\ i8ea etpap[i6aT7]xe yia 
tov UTioXoyiafio xrjc; xXaaixr]<; Xuarjc; tiou avxiaToi)(ei ae auTT] t/]v Bidxa^rj [51, 52] xai eivai 
yevixeuar] tcov te)(vixcov tiou avaTiTU)(i}r]xav oto \iepoc, tcov [leaovicov. 
£e te)(vix6 eiuneBo sx 00 ^ 18 I 110 ' SiaTac;/] aTio A" y^opMc, oi OTioiec; evcovovxai ae evav xojipo 
axo eacoxepixo tou AdS 5 o onoioq 8ev eivai [iai}/][iaTix6 arjjieio, oticoc; auT/| nepiTixcoar] tt]c; 
auvevcoar]c; )(op8cov, aXXd eva aoXixovixo avxixeijievo, oticoc; [iia L>5 Ppdvr] xuXiyjievr] yupco 
aTio t/]v eacoTepixr] TievTaBidaTaTr] atpaipa, S 5 . EiunXeov ey_ov\ie 8iaxdc;eic; \ie 5N/8 < k < N 
xoudpx [51, 52], oi OTioiec; ixavonoiouv tic; xXaaixec; ec;iacoaeic; xivr]ar]c;, Tiepa aTio tic; avajie- 
vojievec; yia k = N. To yeyovoc; auxo ep^exai ae avxidear] [ie to oti oi 8ea[iiec; xaxaaxdaeic; 
xoudpx xai avxixoudpx eivai d)(pco[iec; xaxaaxdaeic; ir]c, ojidSac; pa$[ii8ac;. IlapoTi r\ decopia 
r] OTioia [ieXeToujie eivai [ieyiaTa UTrepau[i[iexpixr|, $a i}eXa[ie va 8ei£ou[ie oti UTtapxei eva 
xaXuTepo xaTco cppdyjia yia to k/N, av 6)(i k = N axpi|3coc; [4]. 

H opydvcoar] auTou tou [lepouc; t/]c; 8iaTpipr|<; eivai r\ ztif,: Sto 17o xecpdXaio $a opiaoujie Ta 
Papuovia yia [iia [ieydXr] xaxrjyopia unopdi}pcov. Ei8ix6xepa, i}a Ppoujie yevixec; axeaeic; yia 
tt]v Beajiia evepyeia tou papuoviou ot/]v TiepiTiTcoar] tiou Ta xoudpx xaTa tov a)(r][iaTia[i6 
tou papuoviou eivai o[ioi6[ioptpa xaTave[ir][ieva Tidvco ae eva atpaipixo xeXucpoc;. Eto 18o 
xecpdXaio i}a ^ieXexr]aou[ie xr]v euaTai}eia tcov Xuaecov xaTco aTio ^iixpec; Biaxujidvaeic; xai 'da 
Ppoujie tic; ec;iacoaeic; ydwprf oticoc; xai tic; auvopiaxec; auvi}r]xec; xai auvdr]xec; auppacp/]c; 



94 



gto ouvopo tou AdS$ xai axov xojipo tou papuoviou. Eto 19o xscpaXaio 'da Ttapouoidooujie 
TiapaBeiyjiaxa papuovixcov Biaxd^ecov axa TiXaiora tt]<; avTiaTOi)(iac; AdS/CFT, yia au[i[iopcpa 
xai Ttenepaa^tevrjc; 'depjioxpacHac; U7i6pai}pa. 0a Bei^oujie oti r] euaTadeia TtepiopiCei t/]v Ti[ir| 
k va Eivai fiEyaXuxepr] ano [iia xpiorjir] Ti[i/| axojia xai yia tt]v aujijiopcpT] TiEpmTCoar). Ettjv 
TiepiTiTcoar] tcov TtXeioTijicov Suvajiixcov, axojia xai [iEpoc; tou evepyEiaxd 7tpoTi[iT]T£ou xXdBou 
Eivai BiaxapaxTixd aaxadec;. 
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Kecp&Xouo 17 
KXocaixsg Xuasig 



Se auTO to xecpdXaio $a Ttapouaidaoujie tov yevixo cpopjiaXiajio axo TiXaiaio t/]c; avTiGTOi- 
)(iac; AdS/CFT yia tov UTioXoyiajio tt]<; evepyeiac; evoc; papuoviou to otoio aTOTeXercai afio 
Papid xoudpx. Ecpoaov r] Buixr] Netopia tieBiou Eivai rj = 4 SYM, 01 unoXoyiG[ioi itspi- 
xXeiouv iV )(op8ec; xai [iia L>5 f3pdv/] va eivai TuXiy[ievr] yupco afio [iia eacoxepixr] acpaipa 
S* 5 . unoXoyia[i6c; aT/piCcTai one, izyyixec, tiou avaitTUx^xav axo [icpoc; tou [ieaovbu 
xai tov x6[ipo tou papuoviou [50]. H eupear] t/]<; xXaaixr|c; Xuar]<; $a eivou [iia yevixeua/] 
tt]c; a6[i[iopcpr]c; Tiep[TiTcoar)c; [51, 52] ae tuo yevixd U7t6pai}pa. 0a ^etoprpoujie Siaycoviec; 
[i£Tpixe<; [ie UTioypacpr] Lorentz tt]<; [iopcpr|c; 

ds 2 = G tt dt 2 + G xx {dx 2 + dy 2 + rf2 2 ) + G uu du 2 + i? 2 ^ 2 , (17.1) 

onou x, y xai z aujipoXiCouv ayvor|Gi[iec; auvTeyjievec; xai u eivai r] axTivixr] auvTeTayjiev/] /] 
OTioia TtaiCei tov poXo xr\c, xXijiaxac; evepyeiac; ot/]v 8uixr| -decopia TieBiou. ExTeiveTai afio to 
uitepicoBec; {u — >■ oo) ecoc; to U7iepui}po ae xdnoia eXd)(iOTT] Ti[i/| -u miri /] ortoia "da xai}opiCeTai 
afio tt]v yecojiETpia. 

Eivai poXixo yia t/]v avdXuar] [lac; va opfooujie tic; auvapTT|aeic; 

/(«) = -GttGxx , #H = -G tt G uu , h(u) = G yy G uu . (17.2) 

Sto au[i[iopcpo opio [iTtopoujie va Tipoaeyyiaoujie tt]v yecojiSTpia [ie tov X"P° ^-S's x "S* 5 
[ie axTiva (a'=l) i? = (AngsN) 1 ^, otou r\ g s eivai r] aTai}epd Ceu£r]c; t/]<; yophrf. Sto 
a6[i[iopcpo opio oi auvapTT]aeic; xrf e^iacoar]c; TipoaeyyiCovTai [ie 

f(u) ~ m 4 , #(w) ~ 1 , /i(u) ~ 1 . (17.3) 

Ec; opiajiou to [3apu6vio eivai [iia 8ea[iia xaTaaTaar] aiio iV xoudpx Ta OTioia a)(T][iaTiCouv 
[iia TiXr]pcoc; avTiau^[i£Tpixr] avanapdaTaar] tt]Q ojidBac; SU(N). Qaioao, aio fiXaiaio tt]Q 
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QKTIVa L 



D3-(3pavr| 

I 



A 



D5-|3pavr| 



N-k xop5£^ 



k-KoudpK 





uv 



u 



Uo 



Umin 



£)(r][ia 17.1: H 8idxac;r] xou papuoviou \xz k ec;coxepixd xoudpx xo7ioi}exr][ieva ndvco ae eva 
acpaipixo xeXucpoc; axxivac; L axo auvopo tou xcopou AdS, xd$e eva ano auxd eivai auv8e- 
Sejievo [ie t/]v D5 Ppdvr] r] 07101a eivai xuXiy[ievr] Tidvco ae [iia acpaipa axo arj^eio u = u xai 
N — k eudeiec; x°p8ec; [i£ dxpo axo w m i n . 

avTiaxoi)({ac; AdS/CFT, [iTiopoujie va cpxidi;ou[ie [iia 8ea[iia xaxdaxaar] aTio fc xoudpx [ie 
k < N. Auxr] r\ 8ea[iia xaxdaxaar] anoxeXeixai afio [iia L>5 Ppdvr] r) onoia Ppfoxexai axo 
eacoxepixo xai fc e$coxepixd xoudpx axo auvopo xou AdS 5 . Kdi}e xoudpx eivai auv8e8e[ievo 
[ieaco [liac, )(op8r]c; [ie xr]v D5 Ppdvr]. Yfidpxouv emarjc; N — k euiMec; )(op8ec; 01 oitoiec; 
exxeivovxai afio xr]v L>5 Ppdvr] [iexP 1 TO u min- H Tiepiypacpr] auxr] anoxuncovexai axo S)(r][ia 
17.1. 0a $ecopr]aou[ie N,k^> 1, [ie xov Xoyo xouc; A;/iV va Eivai TieTiepaajievoc;. 
Ga itpenei va i}ecoprpou[ie xai [iia xaxavo[ir] xcov xoudpx [ieaa axo papuovio. Ava[ievou[ie 
[iia xaxavojir] [ie axxivixr] au[i[iexpia xai yia euxoXia da $ecoprpou[ie [iia o[ioi6[iopcpr] Tidvco 
ae eva acpaipixo xeXucpoc; axxivac; L. EiunXeov, ac;iCei va ar][ieicoaou[ie oxi axr]v Tipoaeyyiar] 
[iac; xa dxpa xcov N )(op8cov eivai o[ioi6[iopcpa xaxave[ir][ieva axr]v eacoxepixr] nevxaSidaxaxr] 
acpaipa S 5 , yia va [irjv Ttapajiopcpoydei xai r] upoaeyyiar] Tir |? axpoyyuXrjc; acpaipac; va ia)(uei 
(nepaixepco avdXuar] auxou xou arjjieiou 8i8exai axr]v epyaaia [52]. Auxr] r\ emXoyr] aitdei 
xeXeicoc; xr]v UTcepau[i[iexpia [53, 54].) 

Sxa TiXaiaia tt]Q avxiaxoi)(iac; papuxrpac; xai ^ecopiac; pa , d[ii8ac;, r\ 8ea[iia evepyeia evoc; 
Papuoviou 8ivexai afio 



onou S c \ eivai r\ xXaaixr] 8pdar] xrjc; TtapaTidvco 8idxac;r]c;. H 8pdar] auxr] aitoxeXeixai and xpeic; 
opouc;, [iia 8pdar] Nambu-Goto yia tic; iV )(op8ec;, [iia 8pdar] Dirac-Born-Infeld (DBI) yia 




(17.4) 
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xr]v D5 Ppdvr] xai evav opo Wess-Zumino [ieta^u tcov iV ^opBcov xai t/]c; 7J5 Ppdv/]c; 
Sng[C] = ^ y drday^detg^ , 

Sds = ttt^ / d?xV-hij - 27r ^' > (17.5) 
5 WZ = / L / d 6 :r C (4) A F , M = E x S 5 , 

(2tt) 5 ^ y M 



onou (? a/ g, /ijj, Fjj Eivai 01 ETtaycojisvec; [iexpixec; yia tt]v x°P^ Tr ] v -^5 Ppdvr] xai tou Tavuaxr] 
TieBbu Born-Infeld avTioToi)(a. 0a i}£cop/]aou[ie tt]v tiio anXr] Ttepurrcoar] otiou rj Bpdar] 
DBI Bivexai ano t/]v £Tiayco[ievr] [i£Tpix/| xai o opoc; Wess-Zumino 8pa coc; opoc; 8iaxr|pr]Gr]c; 
cpopxiou [50]. Evtoutic;, UTtdp)(ouv TtepiTrrcoaeic; axic; otioiec; ey_ou\ie Fij ^ [55, 4]. TsXoc;, 
8ev e)(ou[ie aujiTtepiXdpei to tieBio Kalb-Ramond Bioti 8ev UTidp/ei axa TiapaBeiyjiaxa [iac;. 
Sxr]v auve)(eia, xaxd xa yvcoaxd, ua xauopiaoujie tt]v BiBidaxaxr] TiapajiexpoTioirjar] 

t = t , u = a . (17.6) 

Tia axaxixec; Xuoeic; $a $ecopr|OOU[i£ t/]v Tiapaxaxco e^pdnTiar] ir]c, BiBidoTairjc; acpaipac; S 2 
Tidvco aTT]v Ppdvr] as acpaipixec; auvT£Tay[iev£<; (r, 0) 

r = r{u) , (ft, 9 = axawepec; , S^-ycovfec; = axawepec; , (17-7) 

7] OTioia unoxsixai axT]v auvopiaxr] auvur|XT] 

u(L) = oo. (17.8) 

Tia auTT]v t/]v UTio'dscnr), r) Bpdar] Nambu-Goto ypdcpexai toe;: 

S = ~^J duy/g(u) + f(u)r* , (17.9) 

otiou T ou^poXiCei tov xpovo xai o tovoc; t/]v Tiapdycoyo coc; Tipoc; t/]v [iexapXr]Tr] u. H 
AayxpavCiav/] tou TipopXr|[iaToc; eivai avei;dpT7]T7] t/]c; [i£TapX/]Tir|c; y, otlote r\ aviiaxoiyj] 
yevixeu[ievr] opjar] Siaxrpeixai 



- , * = fr =► ^ = , (i7.io) 

otiou Mi Eivai 7] Ti[i/] tt]c; Tiapajiexpou u oto arjjiEio axpocpr]c; tt]c; xdue )(op8r]<;, 
A = /(^i), fo = f(u ) xai 

F = -^—. (17.11) 
/ - Ji 
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Oi N — k y^opMc, oi OTioiec; exTeivovTai ano tov papuovixo x6[i|3o [i^XP 1 TO M mm Eivai eui}eie<;, 
xai ecpoaov to r = axai}epd eivai TidvTa Xuar] tcov ec;iacoaecov (\xe j\ = 0). Sxa 7tapa8eiy[iaTa 
tiou $a axoXou-driaouv M min < ui < -u x ai Eivai [aia au^ouaa auvapTTjcr]. OXoxX/]- 
pcovovTac; t/]v E£.(17.10), [inopoujie va excppdaoujie t/]v axTiva tou acpaipixou xeXucpouc; 
toe; 



7i / du^f . (17.12) 

Ett]v auve)(eia $a xai}opiaou[ie tt]v 7ievTa8idaTaT7] TtapajieTponoirjar] tt]<; TuXiy[ievr]c; L>5 
Ppdvrjc; eiuXeyovTac; 

t = r, 9 a = a a , a = 1,2,..., 5. (17.13) 

Tia auTT]v t/]v U7i6i}ear], r] 8pdar] DBI ypdcpexai 

TNR 



'£>5 



8tt 



V 73 ^ , (17.14) 



U=UQ 



E8co xp^CJi[iOTioi/]aa[ie to yeyovoc; oti o oyxoc; [iiac; 7ievTa8idGTaTT]c; acpaipa [iova8iaiac; axTi- 
vac; eivai 7r 3 . 

TeXoc;, avTixai}iGTC0VTa<; t/]v Xuar] yia t/]v aT/]v (17.9), acpaipcovTac; tic; arcoxXivouaec; 
[idCec; tcov A;-xoudpx xai 7tpoai}eTOVTac; tt]v evepyeia t/]c; L>5 Ppdv/]c; E^. (17.14), ppiaxou[ie 
t/]v 8ea[iia evepyeia tou papuoviou 

E=±\r 'duVF- r du^ + 1 -^ H du^ + ^^ ) , (17.15) 

OHOU 

A; 

a = — , 0<a^l. (17.16) 

Oi excppdaeic; tou [i/]xouc; xai t/]<; evepyeiac;, E^. (17.12) xai (17.15) e^apTtovTai afio t/]v 
TiapdjieTpo ui /] onoia "da Tipeitei va excppaaTei aav auvdpT/]ar] tt]c; -dearjc; tou papuovixou 
xojipou m . O tiio euxoXoc; TpoTioc; eivai va a7iaiTr|aou[ie oti /] auvoXixr] 8uva[i/] otov pa- 
puovixo x6\ifto eivai [irjSev. AxoXou-dcovTac; [iia avdXoyr] BiaBixaaia [ie tt]v TiepinTcoar] t/]c; 
8iaxXd8coar]c; )(op8cov [3], aXXdCoujie Tipoacopivd pai}[ii8a ae r = a xai afio touc; auvopiaxouc; 
opouc; tiou TipoxunTouv xaTa tt]v ec;aycoyr] tcov e^iacoaecov xiv7]ar]c; yia [iia o[ioi6[iopcpr] xaTa- 
vo[i/] xoudpx Tidvco ae eva acpaipixo xeXucpoc;, ppioxoujie t/]v a)(ear] (rj au[i[iopcpr] TiepiTiTcoar) 
e^ei [ieXeTTj'dei ot/]v epyaaia [51]) 

cosG = - — - + —^—d u ^-G t t 

cos0 = y/l-fi/fo , (17.17) 



U=U() 
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onou G eivai r\ ycovia [iexa^u tou xadevoc; aTO xa k xoudpx xai tou a!; ova w a tov papuovixo 
xojipo xai xadopiCei t/]v a^ear] [iexa^u tou u\ xai tou m . H napan&vco o^zoi) ptopei va 
ep[i/]veuTei xai aav auvdr|XT] [i7]8evio^iou tt]c; u auviaTcooa t/]c; 8uva[ir]c; [52]. O opoc; oto 
apioTepo ^epoc; xrf E^. (17.17) otpeiXeTai otic; )(op8ec; tou TpoaxoXouvTai oto auvopo oto 
unepicoSec;. H BuvajiT] \iz t/]v OTOia eXxouv tov papuovixo xo^o avTioTaT^iCeTai aTO tic; 
ewdeiec, y_opMc, xai t/]v Taar] tou £)( ei -^5 Ppdvr] va xivr]i}ei Tpoc; to w m j n , xai avTiTpoaco- 
Tsuovxai aTO tov Tpano xai 8euTepo opo tt]Q Ec;. (17.17). 'Otcoc; i}a Boujie aTa TapaBeiy^iaTa 
[iac;, r] E£. (17.17) ey_ei Xuor] y ta Tepiox^] tou TapajiETpixou )(a)pou (a, it ). fiaToao, 'da 
TpETEi va [ieXeTrpoujie t/]v euaTadeia tcov xXaaixcov Xuaecov ouuoc; coots va aTo^ovcoooujis 
tic; TapajiETpixec; Tepio)(ec; tou eivai tpuaixcoc; evBiacpepouaec;. 
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Kecp&Xouo 18 
Av&Xuarj Euaxocdsiac; 



Exrjv auve)(£ia i}a [ieXexr]aou[ie t/]v euaTdweia tcov Tiapcmdvco Xuaecov, axoTieuovxac; va 
ano[iovcoaou[i£ tic; cpuorxcoc; evBiacpepouaec; Ttapa^expixec; nepio^ec,. H avdXuar] auxr] axr)- 
piCexcu axa yevixd aTcoxeXeajiaTa tiou avaXui}r]xav Sie^oBixd a to [lepoc; tcov [ieoovicov xai 
(3apuovicov. floToao, ia Tioioxixd anoxzkea\iaxa i}a eivca evxeXcoc; Biacpopexixd, Xoyco tcov 
Biacpopexixcov ouvopiaxcov ouvi}t]xcov tiou $a ETupdXoujie. 



18.1 Mixpsq Siocxu^jLcxvasLg 

0ecopo6[i£ t/]v Tiapaxaxco 8iorcapa)(/| ax7]v e^panmaT] tt]c; )(op8/]c; 

r = r cl (u) + 8r(t,u), 6 = O + 56{t,u) , <j> = <l> + 6(/>(t,u) . (18.1) 

onou £)(ou[ie xpaxr]oei t/]v eraXoyr] pcedjiiBac; avaXXoicoxr] E£.(17.6). £t/]v auve)(eia i}a 
UTioXoyiaoujie t/]v Bpdar] Nambu-Goto yia auxr]v t/]v UTi6i}ear] xcu tt]v avootTUc;ou[i£ 
ae 8uvd[ieic; tcov 8iaxu[idvascov. H avdnTUc;r] oe BEUiepr] xdi;/] yia tic; Siaxujidvaeic; tcov k 
XopBcov ypdcpexai coc; 



5*2 = — — / (ltd ii 

2,71 



2 _p3/2 2FV2 2FV2 2# 

fr 2 cl sm 2 9 a hr 2 cl sm 2 OqF 1 / 2 



5^ - BjMT 50 2 ] . (18.2) 



2FV2 ^ 2^ 
Xpr]ai[iOTioicovTac; tic; e<;iacoo£ic; Euler-Lagrange xai t/]v avdiiTUc;r] Fourier 

5x^{t, u) = 5x^{u)e~ lult , x^ = r, 6, , (18.3) 
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Ppiaxoujis tic; ypa[i[iixec; Biatpopixec; e^io-coaeic; yia tic; 8ia[i/|X£ic; xai eyxdpaiec; 8iaxu|idvoeic;, 
yia xdi}e [iia orno tic; k x°pSe<; 



d 



'd_ f_gf_ 

du \F 3 / 2 du 

' d ( frli d 



F 1 / 2 



du V F 1 / 2 du 



d ( fr 2 cl d 



2 hr 2 cl F^ 2 



du \ F 1 / 2 du 



9 

,hr 2 ,F 1 ' 2 



5r = , 
56 = , 



(18.4) 



9 



. 



Via tic; zwQeiec, )(op8ec; oi extppdaeic; yia t/]v Bpdar] xai tic; e^iacoaeic; xivrjorjc; 86i}r]xav ot/]v 
Tiapdypatpo 13.1, E^.(13.4) xai (13.5). Oticoc; avatpepi^xe avaXuTixd axa \J.zpr\ tcov [ieaovfcov 
xai tcov Buovicov, r] UTiap^r] aaTai}eicov a)(eTiCeTai [ie t/]v Tiapouaia evoc; xavovixoitoirjjievou 
[ir]8evixou Tpouou yia xdnoia auyxexpijievr] Ti[i/| tt]c; TiapajiETpou wo, ttjv OTioia au[if3oXiCou[iE; 
[ie -u 0c . Oi Tijicc; auTec; eivai ev yevei Biacpopexixec; aico tic; Tiidavec; xijiec; yia tic; otioiec; to 
[ir]Xoc; eivai [isyiaTO, tic; otioiec; aujipoXiCoujie [ie u 0m xai oi otioiec; PpiaxovTai XOvovxac; 
t/]v e^iacoar] L'(u ). O oxotioc; [iac; eivai va PpoO[ie tt]v xpbi[ir] xaptuXr] otov TtapajieTpixo 
)(copo tcov (a, Mo) /] onoia )(copiCei tic; euaTai}eic; ano tic; aaTai}eic; nepioysc,. TeXoc;, i}a 
[ieXexr|aou[ie tic; Biaxu^idvoeic; tt]Q D5 Ppdv/]c; xai "da TL)ecopr|OOU[ie t/]v napaxaTco haiapajj] 



x^ = 5x^(t, 6 a ) , u = uo , x M = x,y,z 



(18.5) 



atp/]VOVTac; t/]v $ea/] t/]<; £>5 Ppdvrjc; avaXXoicoT/] oto a/][ieio u = Uq Xoyco tt]c; eTuXoyr|c; 
Pai}[ii8ac; u = a yia tic; )(op8ec;. £e SeuTepr] Ta^r] otic; Siaxujidvaeic;, o opoc; avaTtxuc;r]c; yia 
tt]v L>5 Ppdvr] laouxai [ie 



S = 



NR 
8^ 



dtdVt^ 



G 



G 



[IV 



5x^5x 



fc"} , (18.6) 



2 ' ' 2G« 

oxou 7 a/ 3 eivai r) [iETpixr] t/]c; S 5 xai r] 8pdar] e)(ei unoXoyioxei axo or\\ieio u = u . Oi Beixxec; 
a,/i avacpepovxai otic; ycoviec; tt]Q S 5 xai otic; auvTexay^evec; x,y,z avxiaToi)(a. Avaxxu- 
oou[ie tic; Biaxujidvaeic; ae opouc; atpaipixcov apjiovixcov ir]c, TtevTaBidaxaTrjc; atpaipac; S* 5 , 
oi otioiec; ixavoTioiouv t/]v e^iacoar] i8ioxi[icov = — £(£ + 4)^, £ = 0, 1, 2, . . ., coc; 



Tote, aTio tic; ec;iocoaeic; Euler-Lagrange yia t/]v Bpdar] Ppiaxoujie oti 
d 2 8r^ 

+ fi^x^ = , Vl\ = -G tt (u )£(£ + 4) > . 



dt 2 



(18.7) 



(18.8) 



Otiote f] xXaaixr] Xuar] eivai euaTai}r]c; xdxco aito tic; Biaxujidvaeic; 5x^. IIapaT/]pou[ie oti 8ev 
UTidp^ouv auvopiaxec; owQiptec, yia auTec; tic; Biaxujidvaeic;, Xoyco tou oti o X"P 0( ? ^ x S 5 
8ev iyei auvopo. 
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18.2 Euvopiocxsq auvT^rjxsc; 



Via va xai}opiaou[ie TtXrpcoc; to Tip6pXr][ia i8ioTi[icov [lac;, $a TipeTiei va eTupdXoujie auvopiaxec; 
auvi}/]xec; axo UTiepicoBec;, -u — > oo xai axo UTtepui}po, u = u m i n , oticoc; xai tic; auvdrjxec; 
auppatpr|c; axo papuovixo xojipo, w = Mo- Oi auvopiaxec; auvQrpcec, axo UTiepicoSec; eivai 
tetoiec; coaxe va [arjv 8iaTapd^ou[ie xa xoudpx, 8r]Xa8r| 

$(u) = , oxav M — y oo , (18.9) 

onou r) $(«) eivai OTioia8r|TtoTe coto tic; Siaxujidvaeic; tcov xoudpx. £to ar][ieio w = u m i n 
anaiTou^ie rj Xuar], xai^coc; xai r] Ttapdycoyoc; xr]c; coc; Tipoc; u yia uq N — k )(op8ec; va eivai 
Tce7tepaa[i£VT], coaxe va icyyei r\ Biaxapaxxixr] Ttpoaeyyiar). 'Oticoc; xai axr]v TiepiTrccoar] tou 
Buoviou, yia tov [ir]8evixo TpoTio auxec; oi Biaxujidvaeic; aTtejinXexovTai ano xr]v euaTai}eia 
xr]c; Xuarjc;. Etpoaov i}ecopou[ie [iia ojioioyevr] xaxavoji/] ano xoudpx Tidvco as eva atpaipixo 
xeXucpoc;, r\ .D5 Ppdvr] PpiaxeTai axo ar\\izio x = y = z = 0. Tia xdi^e [iia ano tic; A; )(op8ec;, 
r] 5r eivai /] 8ia[ir]xr]c; 8iax6[iavar] tt]Q xai oi cW, S(f> eivai oi eyxdpaiec; 8iaxu[idvaeic; tt]Q. 
Via va Ppoujic tic; auvdrVxec; auppatpr|c; yia tic; 8ia[ir|xeic; 8iaxu[idvaeic; 5r aiov papuovixo 
xojipo, eivai tuo poXixo va aXXd^oujie pai}[i£8a ae r = a, avii yia u = a xai ott]v auve)(eia 
va excppdaou[ie to anoTeXeajia oir\v vea pai}[ii8a onou oi ec;iacoaeic; xivrprjc; eivai tuo euxoXec;. 
AouXeuovTac; avdXoya \ie tic; Tiepurccoaeic; tcov [ieaovicov xai 8uovicov, xdvou[ie t/]v aXXayr] 
auvTeTayjievcov 

« = u + £u(i, u ), £u(*,u) = . (18.10) 

r cl 

Otiote, r] auvopiaxr] auvdrjxr) otov papuovixo xo^po [iTtopei va Ppeftei, av aXXd^oujie Tipo- 
acopivd pai}[i£8a oe r = a xai etpap[i6aou[ie [iixpec; Siaxujidvaeic; yia t/]v [ieTapXrjTr] u. Me 
t/]v airaiTTjar] va ey_ov\ie eva acoaTa opiajievo auvopiaxo np6pXr][ia yia tic; 8iaxu[idvaeic; 5u 
Ppiaxoujie 

d8u 



dr 



= 0. (18.11) 

U=Uo 

Atio tic; Ec;. (17.10), (18. 10) xai (18.11) Ppbxoujie oti oi 8iaxu[idvaeic; 5r yia xdi}e x°pS^ 
ixavonoiouv tt]v auvopiaxr] auvdr]xr] 

« = u : 2(/ - A)5r' + 5r (<2f - f jh - 9 -{f - = . (18.12) 

Autt] eivai [iia e^iacoar] yia t/]v Tiapd[ieTpo Mo auvapTrpei tou a xai tcov TiapajieTpcov tou 
auyxexpijievou TipopXr][iaToc;. Oa au[iPoXiaou[ie t/]v Xuar] irjc;, otiou auTr] UTidpxei [i£ Moc- 
Aev i&a uno'deaoujie a^eaeic; auve^eiac; [ieTac;u tcov 8iaxu[idvaecov ir]c, D5 Ppdvr]c; xai tcov 
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N )(op8cov. 

Tevixd, r\ Ti[i/] tt]Q Ttapajiexpou Moc 8ev aupuTtxsi [ie xa TUi}avd axpoxaxa xt]<; axxivac; L(m ), 
xa OTioia au[ipoX£Cou[ic [ic it 0m . 'Oticoc; eiBajie yia xa [isaovia 01 Tijasc; auxec; auveiunxav, 
aXXd 8iacpepave axr]v Tiepiitxcoa/] xcov Buovicov. £x/]v TiepiTixcoa/] [lac; xprpi^oTioicovxac; xic; 
Ec;.(17.12), (17.15) xai (17.17) Ppiaxou^ie oxi 

vKF + pjLr du _m i (m3) 



*.„ / du„ 2VTiJuo (f-h) m 

xai afio x/]v E^.(17.17) UTioXoyiCoujie oxi 

/ ^ = sin 2 0^-^ /o cos09 tt f^^) . (18.14) 
ouq 2a \ y/g J u=u 

Mia ixavr] auvdr|xr] yia va UTidp)(£i u 0m eivai xo 8e<;[ [ieXoc; xr]<; E$.(18.13) va eivai "dexixo, 

xo otioio ovxcoc; aujipaivei axr]v nepiTixcoar] xcov jieXavtov Ppavcov tiou -da [iekeTf]aov[ie 

axo ETt6[ievo xecpdXaio. Emor\c, xa axpoxaxa xou [ir|Xouc; xai tt]Q evepyeiac; axo m = Mom 

xauxiCovxai oticoc; xai axic; TiepiTixcoaeic; xou [isaoviou xai 8uoviou. Atio xr]v Ec;.(18.14) 

[iTiopoujie euxoXa va 8eic;ou[i£ oxi 

dE k 



dL 2tt v ^ ' 

<pe _ k n i ^ 



dL 2 4vr £'(«o) <9«o 
Ecpoaov dE/dL >0r] 8uva[i/] eivai eXxxixr]. Atio xt]v dXXr] TiXeupd 7] evxaa/] x/]<; [iTtopei va 
auc;dvexai r\ va jieicovexai avdXoya [ie xo Ttp6ar][io xou 8ec;iou [ieXouc; xr]<; excppaarjc; d 2 E/dL 2 . 
ToviCoujic oxi auxo 8ev ep)(exai ae avxMear] [ie xa ava[iev6[ieva anoxeXeajiaxa ano x/]v Neto- 
pia pai}[ii8ac; ecpoaov 8ev UTidp^ei avdXoyr] auvdr|XT] yia x/]v 8ea^iia evepyeia xcov papuovitov 
[is xr]v auvdr]xr] xoiXoxrjxac; yia xr]v Tiepinxcoar] xcov jieaovicov [26]. 



18.3 MrjSsvixoL xpojioi 

Exrjv auve)(eia i}a [ieXex/|aou[ie xo Tip6pXr][ia xou [ir]8evixou xpoitou yia [iia xaxavojir] acpai- 
pixou xeXucpouc; xai i}a Ppoujie xr]v xpiaiji/] xajiTiuXr] axov Tiapajiexpixo X"P° ( a > M o)- Oi 
8ia[ir]xeic; xai eyxdpaiec; 8iaxu[idvaeic; xdi}e )(op8/]c;, tiou ixavonoiouv tic; auvopiaxec; axo 
UTtepico8ec;, eivai 

5r = A J(u) , 59 = B K{u) , 5<f) = C K{u) , 

jw Tvf^- A " ( ^fM\K- <i8 - i6) 
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onou A, B xai C eivai axai^epec; oXoxX/|pcoaT]c;. Atio tic; E£.(17.3) xai (17.10) Ppiaxou^ie 
oti to K{u) anoxXivEi, dpa TipeTiei va i}ecopr|GOU[ji£ i? = C = 0. Qq ex toutou, 01 eyxdpaiec; 
Biaxu^idvaeic; eiva euaTa'deic;, otcoc; r|Tav xai otic; TiepiTiTcoaeic; tou [ieaoviou xai Buoviou. 
Tia tic; 8ia[i/]xeic; Biaxu^idvaeic; -da TipeTiei va avTixaTaaTr|GOU[ie t/]v TiapaTidvco excppaar] yia 
to 5r ott]v E£. (18.12) xai va Ppoujie [iia UTiepPaTixr] ec;iacoar] tou i}a xai}opiaei tt]v xpiaiji/] 
xajiixuX/] /] OTioia Biax^piCei tic; euaxa'deic; afio tic; aaia'deic, Ttepioy/ec;. 
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Kecp&Xouo 19 
n ocp oc8 £ l y [Jl ore oc 



Se amo to xecpdXcao fta. xdvoujie [iia avaaxoTirp/] axr]v xaxaaxeur] evoc; papuoviou axrjv 
o6[i[iopcpr] TiepiTixcoar] [51, 52] xcu $a [ieXeTr]aou[ie t/]v euaxordeia tou. £tt]v auve)(eia i}a 
Ttapouaidaoujis t/]v avTiaxoi)(r] avdXuar] axr]v Tiepurtcoar] tt]Q 7ten:epaa^evr]c; -depjioxpaaiac;. 



19.1 Su^JL^JLOpCpr] TLSpLTlTCOar] 
19.1.1 KXaaixr] Xuar) 

Ap)(ixd "da ii}ecopir]aou[ie t/]v a6[i[iopcpr] TtepiTtxcoair), ax/]v ofioia r] [iexpix/] tou ^copou AdSs x 
S* 5 ex et Tr l v ^op9^ xrjt; E^.(18.1), [is 

-G tt = G xx = G uu = — . (19.1) 

H axtiva xca /] evepyeia tiou avTiaxoi)(ouv ae [iia ojioiojiopcpr] xatavo^ir] acpoapixou xcXucpouc; 
onto xoudpx auvapx/]aei t/]c; i}ear]<; tt]c; D5 Ppdvr]c; -u xcu tou a/][i£iou axpocpr]c; Mi t/]c; xdi}e 
Xop8r]<; eivoa: 

-R 2 «i t- ^ kuo ( ^ 5 — 4a 

5 ' 



1 3 7 / 1 1 3 



xai otiou 2-^1(0, 0, c; z) Eivai r) UTiepyeco^expixr] auvdpxrjar] xai -u ^ M i ^ 0. Atio t/]v 
Ec;. (17.17) Ppiaxoujjie t/]v auvdr|xr] [ir]8evia[iou tt\c, 8uva[ir]c; axr]v -u 8ieui}uvar] 

«x = «o(l - A 2 ) 1/4 , A = . (19.4) 
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napaT/]pou[ie oti r] E£.(19.4) 8ev nepiopiCei to eupoc; tou wo, aXXd auTO 8ev $a ia)(6ei 
ax/]v TiepiTiTCoar] t/]c; 7i£7i£paa[i£VT]c; $ep[ioxpaorac;. Ecpoaov A < 1, r) Bidxa^r] tou papuoviou 
UTidpxei yia a,>a<, a< = 5/8 = 0.625. H u\ir\ amr] Ppei}r]xe otic; epyacuec; [51, 52]. 
Xpr]ai[iOTioicovTa<; tic; E£.(19.2) xai (19.4) Ppiaxoujie t/]v excppaar] t/]v 8ea[iiac; evepyeiac; 
auvapxr]aei tou cpuaixou \ir\xouc, 

2ttL 3 V 4a / V ; 

Ano tt]v excppaar] auxr] eivai Tipocpavec; yiaxi xoa = 5/8(A = l) anoppmTETai. H evepyeia 
tou papuoviou eivai avdXoy/] tou 1/L oticoc; auTO avajievoTav ano tt]v au[i[iopcp7] au[i[iETpia 
xai e)(ei Tr l v yvcoaTT] |ir] 8iaTapaxTixr| e^dpT/pr] ano t/]v aTai}epd Ceuc;r]c; 't Hooft. 



19.1.2 Av&Xuar) Eua-cdodeiocc; 

St/]v auvexeia ■dcx [ieXeTr|aou[ie t/]v euaTordeia t/]<; au[i[iopcpr]c; n:epin:Tcoor]c;. I\a tt]c; 8ia[i/|xeic; 
8iaxr|[idvaeic; Ttpenei va Xuaoujie tt]v Ec;. (18.12), otou 

r / x * f°° , « 2 A ^ /3 3 7 «f\ , 

AvTixai}iaTcovTac; tic; E£.(19.4) xai (19.6) gttjv (18.12) Ppioxoujie t/]v UTtepPaTixr] ec;focoar] 
yia tov [i/]8evix6 TpoTio 

Xp/]ai[ionoicovTac; tic; Ec;.(19.4) xai (19.7) Ppiaxoujie apid^irjTixd t/]v xpiaijir] xijir] yia to a, 
r] OTioia Eivai a c ~ 0.813. 

Otiote, /] avdXuar] t/]c; euaTdi}eiac; -deTei eva xdxco opio yia to a to otioio eivai [iixpoTepo ano 
tt]v [iovdBa. Ogtogo auTO eivai a£ioar][ieicoTO, 8e8o[ievou oti avTiaTOi)(ei oto au[i[iopcpo 
or\[ieio tt\c, jieyiaTa U7iepau[i[ieTpixr|c; M = 4 SYM. H [aovrj dXXr] TiepiTiTcoor] ott]v orcoia 
U7idp)(£i aaTd'deia oto au[i[iopcpo arjjaeio eivai ott]v TiepiTrucoar] tcov [ieaovicov nou [ieXeTr|aa[ie 
oto lOo xecpdXaio yia (3 Tiapajiopcpcojievec; M = 1 ^ecopiec; [19], xai tou otioiou to 8uix6 
UTiepPapuTixo U7i6pai}po [ieXeTr|i}/]xe oto [17]. £e amr\v t/]v TtepiTtxcoar), oticoc; eiSajie oto 
lOo xecpdXaio U7idp)(ei aaTai}eia yia xijiec; tt]Q TiapajieTpou 8ia[i6pcpcoaT]c; a oi OTtoiec; eivai 
[ieyaXuTepec; ano [iia xpfoijir] xi[ir|. 
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19.2 MsXocveq D3 Ppocvsq 



19.2.1 KXocaixr) Xuay] 

£e auTT]v t/]v evoT/pa ■dcx i}ecopr|aou[ie eva auvoXo ano N [leXavec; D3 (3pdve<;. Sto opio 
t/]c; decopiac; tieBiou r) [iexpixr] e)(ei Tr ] v ^opcpr] tt]<; E£.(17.1) otiou 

C ti = -G^ = --^ ^1 - , G xx = . (19.8) 

H avxiaxoixT] $ep[ioxpaaia Hawking eivai T# = ji/{jiR 2 ). £e oti axoXoudei, 'da xa xavo- 
vixoitoir|OOU[ie 6Xa ae [iovd8ec; /x, otiou "deToujie /i — 1. H axTiva xou rj evepyeia eivai iaec; 

r = p2 \A4 3T F f3 1 1 7.1 uf 
3ug 1 V4'2'2'4'^' u 4 



1 1131 < 

~4' 4 

otiou Fi(a, 6i, b 2 , c; zi, z 2 ) eivai r\ UTiepyecojieTpix/] auvdpxrjar] xou Appell xou u ^ -Ux ^ 1. 
Atio tt]v E^. (17.17) PpiaxoujiE t/]v auvi}/]xr] [ir]8evia[iou t/]<; m 8ieui}uva/]c; tt]c; 8uva[i7]<; 



^ = - MoFl, -4'-2'2'4 ; ^'^ 1+1 ' 



1-a l + l/u 



uf, - 






1 



CO sG = + . ; u , cose = W-^ -. (19.10) 

Xpr]ai[ionoicovTac; to yeyovoc; oti cos© ^ 1 otvjv E£.(19.10) xaTaXr|you[ie [ie [iia tioXucovu- 
[iixr] aviaoT7]Ta 8euTepou pcrdjiou r\ onoia e/ei Xuar] yia a > 5/8, t/]v 

w >w<(a), w<(a) = 1/A 1/4 , 



A = -9 - 32a(a - 1) + A\/2{2a - 1)^3 - 8a(l - a) , (19.11) 

a G [5/8,1], A G [0, —9 + AVE] , u$ G [oo, u<(l)] , u<(l) ~ 1.058 . 

fiaToao, yia a = 5/8 8ev UTidp^ei xXaoixr] Xuar] ecpoaov tt — > oo. Tia a > 5/8 r\ Xuar] tt]<; 
E£.(19.10) eivai 

Ul = «o(l - A 2 K)) 1/4 , A(«o) = l ^\l l - l l<+ l ~ ± ^ ■ ( 1912 ) 

£e auTT] T/]v nepiTiTcoar] 8ev [iTiopoujie va excppdaou[ie t/]v evepyeia auvapT/|aei tou \j.r\x.ovc,. 
Ett]v Txpay[iaTixoTr]Ta r] evepyeia eivai [iia 8ixi[ir] auvdpTr]ar] tou [arjxouc; [ie evepyeiaxd Tipoxi- 
[irjxeouc; xai [ir] xXd8ou<;, oticoc; cpaiveTai oto oxW a 19-1- Aut/] r] aujiTtepicpopd eivai avdXoyr] 
[ie to 8uva[iix6 evoc; [ieaoviou yia TieTiepaa[ievr] $ep[ioxpaaia [21]. 
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a 
H 



0.813 
0.625 



EAdxicrro 




EuortiOEia 



U<, Uom.Uoc 



(«) (P) 

S)(/][ia 19.1: (a) TpacpLxr] TiapdoTaor] tt\q E(L) yia [ieXavec; D3 ppdvec;. Ta 8idcpopa Ei8r] 
ypa[i[itov avTiaxoL)(ouv as euaxai^eic; (yxpi ypa[i[ir|) x ai aaTaiMc; (8iaxexo[i[iev7] yxpi ypaji- 
[i/]). 'Otiwc; to a [ieicovexai to aaxaiDec; T[i/][ia exxeivetai £7uar]c; xai axov xdxto xXd8o. H 
oujiitepicpopd otuxr] TiEpiypdcpsxai axr]v £voTT]Ta (19.2.2). (f3) Ano apiaxepd Tipoc; ta 8ec;id 1) 
Tpacpixr] napdaxaar] tou a [ie to w<, 2) Tpacpix/] Tiapdoxaor] tou a [iz to w m j n , 3) Tpacpixr] 
Tiapdaxaar] tou a [ie to Uq c . Oi 7i£pio)(£c; GTa 8ec;id xoa apiOTEpd tt\q xpiTix/|c; xajiituXrjc; eivai 
evoToi'de'ic, xai aaTa^Eic;, avTiGTOi)(a. 

19.2.2 AvdcXuar] euaTordeiac; 

Exrjv auvE)(Eia i}a [isXeTrjaoujie t/]v euoTd'dEia tuv [ieXavcov D3 [3pava)v. Tia tic; 8ia[iV]xeic; 
8iaxu[idvoeic; upenei va Xuooujae ir\v Ec;. (18.12) onou 



5r(u) = A du 



Vu 4 - 1 



(w 4 - u\f' 2 3m 3 



A {3 1 3 7 1 



4' 2'2'4'w 4 w 4 



19.13) 



Ano tic; Ec;. (18.12) xai (19.13) PpioxoujiE oti r\ auvi}/]xr] UTiap^c; [ir]8evixou Tpoitou 8ivei 
tt]v uitepPaTix/] e^ia<x>ar] 



2<-<-l /3 1 3 7 1 u 4 
■'•||----7:-Z.-l 



274^f K-l) 3 / 2 ^4' 2'2'4'< 



(19.14) 



Me auXsc; apii}[i/]TiXEc; [iei}68ouc; Ppioxoujie oti U7idp)(£i Xuar] yia xdilk Ti[i/| tou a /] onoia 
eivai [icyaXuTepr] ano t/]v xpiaijir] Ti[i/| tiou Pp/|xa[ie oto au[i[iopcpo opio a c ~ 0.813, evto 
UTidp)(Ei £7ugt]c; evac; [ir]8evix6c; Tponoc; otov evepyeiaxd 7ipoTi[i/]Teo xXd8o, o otioioc; eivai 
Uq c > u 0m . H Xuot] e)(ei Tr]v axoXou-dr] avdnTUc;r] 



a c ~ 0.813 + 



0.679 0.778 



+ 



IV- U 0c 
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+ — ] • 



0c 



19.15) 



Tiy.ec, yia a = 1 


EX6i)(!.aTO 




Msyiaxo 




1.0581 


1.4292 


1.3437 


L/R 2 





0.2920 


0.2951 


E/N 


0.0097 


0.0266 


0.0273 



Ilivaxac; 19.1: To [lypcoc; xai r) evepyeia yia t/]v eXd^iaxr], xpiaijar] xai ^leyiaxr] Ti[ir| -u yia 
a = 1. 

'Oxav to a c [ieicovexai tote au^dvexai to u 0c xai yia a c ~ 0.813 axojia xai to aujijiopcpo 
T[ir][ia tou 8iaypd[i[iaToc; yiveTai aaia'dec,. Ta anoTeXea^iaTa tt]<; avdXuarjc; euaxd'deiac; au- 
votJjiCovTai oto X)(r][ia 19.1. 
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EKiXoyog 



£e auxT] t/]v 8i8axTopix/| 8ion:pif3r] ^ieXeT/|aa[ie t/]v euaTai}eia 8ea[iicov xaxaaxdaecov xoudpx 
xai [iovonoXcov evToc; tt]Q avuoioiyioic, AdS/CFT. Ap)(ixd TL)ecopr|aa[ie tic; 8uixec; Siaxd^eic; 
)(op8cov evoc; Ceuyouc; xoudpx-avTixoudpx ot/] i}ecopia ftf = 4 SYM ae Treirepaa[ievr] $ep- 
[ioxpaaia xai otov xXd8o Coulomb. To xiv/]Tpo yia tt]v [ieXexr] [iac; f]iav oti Ta 8uva[iixd 
tcov [ieaovicov otcoc; auxd UTioXoyiCovTai evToc; tt]Q AdS/CFT e)(ouv aujiTcepicpopec; 01 onoiec, 
ae \iepixzc, Tiepiirrcoaeic; eivai ae avTii}ear] [ie xa 7tpoc8oxco[ieva ano t/]v Netopia 7ie8iou ano- 
xeXea[iaxa. Euyxexpi[ieva auvavToujie: (1) TiXeioxijia 8uva[iixd, (2) 8uva[iix6 tou otcoiou 
to \ir\xoc, $copdxiar]c; e^apxdxai ia)(upcoc; cmo tov TipoaavaxoXio^io axo X^P TT ]£ xXaaixr|c; 
Xuarjc; tt]c; )(op8r|c; ae a)(£aT] [ie tov d^ova tou Ceuyouc; xai (3) aujifiepicpopec; eyxXcopia^iou 
tcov xoudpx aTTjv Af = 4 SYM . H avdXua/] t/]c; euaTai}eiac; tcov xXaaixcov Xuaecov eniXuei 
auxec; tic; avTicpdaeic; 8ei)(vovTac; oti oi 8urcdc;eic; auTec; eivai aaTaiMc; xai xaxd auveneia eivai 
cpuaixcoc; \ir\ ano8exTec;. EiunXeov, ^eXexr|aa[ie U7i6pai}pa D3 Ppavcov xa 07101a eivai Suixd 
ae i}ecopiec; pai}[ii8ac; [ie Af — 1 U7iepau[i[ieTpia. 'Oncoc; e£8a[ie yia xijaec; x/]c; Tiapdjiexpou 
7iapa[i6ptpcoaT]c; ^ieyaXuxepec; aTio [iia opiaxr] xi[i/| axojia xai axo au[i[iopcpo opio U7idp)(ei 
aaxd-deia. Etuo7]<; Ppr|xa[ie oti yia opiajievec; nepio^zc, tt]Q Tiapajiexpou 7iapa[i6pcpcoar]c; to 
ypa[i[iixo Buvajiixo eyxXcopiajiou yivexai euaxa-dec; otcoc; avajievexai afio e7ii)(eipr|[iaxa tt]Q 
^ecopiac; 7ie8iou. 

Ett]v auve)(£ia xaxaaxeudaa[ie auvevcoaeic; )(op8cov xai tic; xpT]ai[ion:oir|aa[ie yia va uto- 
Xoyiaou^ie x/]v evepyeia aXXrjXeiu8paar]c; papicov 8uovicov ae lay^jpr] Ceui;/] axo TtXaiaio tt]Q 
avTiaToixiac; AdS/CFT. H tuo ar][iavxixr| ecpapjioyr] eivai auxr| tou xoudpx xai [iovonoXou, 
tt]v onoia [ieXexrpajie [ie XenTO[iepeia. St/]v auve^eia ecpapjioaajie [iixpec; Biaxu^idvaeic; yia 
va xai}opiaou[ie tic; cpuaixcoc; aiioBexTec; TcapajieTpixec; nepio^zc,. Bpr]xa[ie oti T[i/][iaTa evep- 
yeiaxd [irj TipoTi[jir]Tecov xXdBcov eivai euaTa-dr] xaTco afio [iixpec; Biaxujidvaeic;. O Xoyoc; yia 
auxr] tt]v aujiTiepicpopd eyxeiTai oto oti oi auvopiaxec; auvi}/]xec; yia tic; )(op8ec; oto ar][ieio 
8iaxXd8coa/]c; evia^uouv tt]v euaTai}eia irjc;. H aujiuepicpopd amf] oticoc; Tovbajie 8ev ep)(eTai 
ae avTi'dear] [ie Ta ava[iev6[ieva anoxeXeajiaTa aiio t/]v i^ecopia Tie8iou. Aioti, 8ev UTidp^ei 
auvd/]xr] xupxoTTjTac; yia to 8uva[iix6 xoudpx xai [iovonoXou otccoc; aTa [ieaovia. Bpr]xa- 
[ie efiiar]c; oti r] aujiixepicpopd eyxXcopiajiou oto 8uva[iix6 tou 8uoviou ott]v TiepiTiTcoar] tou 
xXd8ou Coulomb yia o[ioi6[ioptpr] xaTavoji/] D3 Ppavtov Tidvco ae acpaipa, eivai aaTai}/]c; xai 
eivai xaTi to otioio 8ev TipopXeTieTai afio t/]v i}ecopia pai}[ii8ac;. 

TeXoc; i9ecopr]aa[ie t/]v xaTaaxeur] papuoviou [ieaco )(op8cov xai [iiac; D5 Ppdvr]c; evToc; t/]v 
avTiaToi)(iac; AdS/CFT yia [iia [ieydXr] xaxrjyopia U7iopdi}pcov. MeXeTr]aa[ie 8iec;o8ixd t/]v 
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M = 4 SYM axo a6[i[iopcpo ar\[ieio xai yia TiETiepaajievr] "depjioxpaaia. H avdXuar] tt]c; 
euaxd^eiac;, peX-acoae to xdxco cppdyjia tou apii}[iou tcov xoudpx yia tov ottoio ^inopei va u- 
Tidp^ei papuovio. EiunXeov, Ppr|xa[i£ oti [icpoc; tou evepyeiaxd Ttpoxi^rjTeou xXdSou axr]v tie- 
piTiTwar] tt]Q TiETiepaa[ievr]c; i}ep[ioxpaaiac; sivai Biaxapaxxixd aoia'&zc,, axojia xai yia k = N. 
Eivai evBiacpepov yia tt]v nepinTcoar] tou papuoviou va i}ecopr|GOU[jt£ [iia xaxavo[ir| ano xoudpx 
xai va xai}opiaou[i£ y.e Xoyiajio tcov [isxapoXcov t/]v xaxavo[ir| uov xoudpx \ie t/]v eXd^iaxr] 
evepyeia. Ev auve)(eia va [ieXexr]aou[ie t/]v euaTdi}eia t/]<; auxr]c; xdxco ano \xixpec, 8iaxu[id- 
vacit;, e/ovxac; coc; oxotio tt]v UTiap^r] evoc; euaTai}ouc; papuoviou \ie k = N. 



112 



BipXioypacpta 



[I] S. D. Avramis, K. Sfetsos and K. Siampos, Nucl. Phys. B769 (2007) 44, 
arXiv:hep-th/0612139. 

[2] S. D. Avramis, K. Sfetsos and K. Siampos, Nucl. Phys. B793 (2008) 1, 
arXiv:0706.2655 [hep-th]. 

[3] K. Sfetsos and K. Siampos, Nucl. Phys. B797 (2008) 268, arXiv:0710.3162 [hep-th]. 

[4] K. Sfetsos and K. Siampos, JHEP 0808 (2008) 071, arXiv:0807.0236 [hep-th]. 

[5] K. Sfetsos and K. Siampos, JHEP 0906 (2009) 082, arXiv:0904.4248 [hep-th]. 

[6] K. Sfetsos, K. Siampos and D. C. Thompson, Nucl. Phys. B827 (2010) 545, 
arXiv:0910.1345 [hep-th]. 

[7] K. Sfetsos, K. Siampos and D. C. Thompson, arXiv:1007.5142 [hep-th]. 

[8] M. B. Green and J. H. Schwarz, Phys. Lett. B149 (1984) 117. 

[9] D. J. Gross and F. Wilczek, Phys. Rev. Lett. 30 (1973) 1343. H. D. Politzer, Phys. 
Rev. Lett., vol. 30, p. 1346, 1973. 

[10] G.'t Hooft, Nucl. Phys., B72 (1974) 461. 

[II] F. Gliozzi, J. Scherk and D. I. Olive, Nucl. Phys. B122, 253 (1977). L. Brink, J. 
H. Schwarz and J. Scherk, Nucl. Phys.B121, 77 (1977). 

[12] J.M. Maldacena, Adv. Theor. Math. Phys. 2 (1998) 231, Int. J. Theor. Phys. 38 
(1999) 1113, hep-th/9711200. 

S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Phys. Lett. B428 (1998) 105, 
hep-th/9802109. 

E. Witten, Adv. Theor. Math. Phys. 2 (1998) 253, hep-th/9802150 and Adv. Theor. 
Math. Phys. 2 (1998) 505, hep-th/9803131. 



113 



O. Aharony, S.S. Gubser, J.M. Maldacena, H. Ooguri and Y. Oz, Phys. Rept. 323 
(2000) 183, hep-th/9905111. 

[13] J. L. Petersen, Int. J. Mod. Phys. A14 (1999) 3597, arXiv:hep-th/9902131. 
H. Nastase, arXiv:0712.0689 [hep-th]. 

[14] C. Itzykson, J-B Zuber, "Quantum Field Theory," . McGraw-Hill (1985). 

[15] M. Peskin, D. Schroeder, "An Introduction to Quantum Field Theory," PERSEUS 
BOOKS (1995). 

[16] G. T. Horowitz and A. Strominger, Nucl. Phys. B360 (1991) 197. 

[17] O. Lunin and J. Maldacena, JHEP 0505 (2005) 033, hep-th/0502086. 

[18] S.A. Frolov, R. Roiban and A.A. Tseytlin, JHEP 0507 (2005) 045, hep-th/0503192. 
S. Frolov, JHEP 0505 (2005) 069, hep-th/0503201. 

R.C. Rashkov, K.S. Viswanathan and Y. Yang, Phys. Rev. D72 (2005) 106008, 
hep-th/0509058. 

C.h. Ahn and J.F. Vazquez-Poritz, JHEP 0507 (2005) 032, hep-th/0505168 

[19] R.G. Leigh and M.J. Strassler, Nucl. Phys. B447 (1995) 95, hep-th/9503121. 

[20] J.M. Maldacena, Phys. Rev. Lett. 80 (1998) 4859, hep-th/9803002. 
S.J. Rey and J.T. Yee, Eur. Phys. J. C22 (2001) 379, hep-th/9803001. 

[21] S.J. Rey, S. Theisen and J.T. Yee, Nucl. Phys. B527 (1998) 171, hep-th/9803135. 
A. Brandhuber, N. Itzhaki, J. Sonnenschein and S. Yankielowicz, Phys. Lett. B434 
(1998) 36, hep-th/9803137 and JHEP 9806 (1998) 001, hep-th/9803263. 

[22] A. Brandhuber and K. Sfetsos, Adv. Theor. Math. Phys. 3 (1999) 851, 
hep-th/9906201. 

[23] C.G. Callan and A. Guijosa, Nucl. Phys. B565 (2000) 157, hep-th/9906153. 

[24] I.R. Klebanov, J.M. Maldacena and C.B. Thorn, JHEP 0604 (2006) 024, 
hep-th/0602255. 

[25] J.J. Friess, S.S. Gubser, G. Michalogiorgakis and S.S. Pufu, JHEP 0704 (2007) 079, 
hep-th/0609137. 

[26] B. Baumgartner, H. Grosse and A. Martin, Nucl. Phys. B254 (1985) 528. 
C. Bachas, Phys. Rev. D33 (1986) 2723. 



114 



[27] Y. Kinar, E. Schreiber, J. Sonnenschein and N. Weiss, Nucl. Phys. B583 (2000) 76, 
hep-th/9911123. 

[28] N. Seiberg Phys.Lett. B206 75, 1988. 

[29] M. Cvetic and D. Youm, Nucl. Phys. B477 (1996) 449, hep-th/9605051. 

[30] J.G. Russo and K. Sfetsos, Adv. Theor. Math. Phys. 3 (1999) 131, hep-th/9901056. 

[31] P. Kraus, F. Larsen and S.P Trivedi, JHEP 9903 (1999) 003, hep-th/9811120. 

[32] K. Sfetsos, JHEP 9901 (1999) 015, hep-th/9811167. 

[33] I. Bakas and K. Sfetsos, Nucl. Phys. B573 (2000) 768, hep-th/9909041. 

I. Bakas, A. Brandhuber and K. Sfetsos, Adv. Theor. Math. Phys. 3 (1999) 1657, 
hep-th/9912132. 

M. Cvetic, S. S. Gubser, H. Lu and C. N. Pope, Phys. Rev. D62 (2000) 086003, 
hep-th/9909121. 

[34] D.Z. Freedman, S.S. Gubser, K. Pilch and N.P Warner, JHEP 0007 (2000) 038, 
hep-th/9906194. 

[35] S.D. Avramis, K. Sfetsos and D. Zoakos, Phys. Rev. D75 (2007) 025009, 
hep-th/0609079. 

[36] R. Hernandez, K. Sfetsos and D. Zoakos, JHEP 0603, 069 (2006), hep-th/0510132 
and Fortsch. Phys. 54, 407 (2006), hep-th/0512158. 

[37] L.D. Landau and E.M. Lifshitz, Quantum Mechanics (Non-relativistic theory), 
(Pergamon, London, 1959). 

[38] H.B. Callen, Thermodynamics and introduction to thermo statistics, 2nd edition, 
(John Wiley & Sons, New York, 1985). 

[39] S.D. Avramis, K. Sfetsos and D. Zoakos, Nucl. Phys. B787 (2007) 55 
arXiv:0704.2067 [hep-th]. 

[40] O. Aharony, J. Sonnenschein and S. Yankielowicz, Nucl. Phys. B474 (1996) 309, 
hep-th/9603009. 

[41] J.H. Schwarz, Nucl. Phys. Proc. Suppl. B55 (1997) 1, hep-th/9607201. 
[42] K. Dasgupta and S. Mukhi, Phys. Lett. B423 (1998) 261, hep-th/9711094. 



115 



[43] A. Sen, JHEP 9803 (1998) 005, hep-th/9711130] . 

[44] S.J. Rey and J.T. Yee, Nucl. Phys. B526 (1998) 229, hep-th/9711202. 
M. Krogh and S. Lee, Nucl. Phys. B516 (1998) 241, hep-th/9712050. 
Y. Matsuo and K. Okuyama, Phys. Lett. B426 (1998) 294, hep-th/9712070. 

[45] O. Bergman, Nucl. Phys. B525 (1998) 104, hep-th/9712211. 

[46] M.R. Gaberdiel and B. Zwiebach, Nucl. Phys. B518 (1998) 151, hep-th/9709013. 

[47] C.G. Callan and L. Thorlacius, Nucl. Phys. B534 (1998) 121, hep-th/9803097. 

[48] J.A. Minahan, Adv. Theor. Math. Phys. 2 (1998) 559, hep-th/9803111. 

[49] D.K. Park, Nucl. Phys. B618 (2001) 157, hep-th/0105039. 

[50] E. Witten, JHEP 9807 (1998) 006, arXiv:hep-th/9805112. 

D. J. Gross and H. Ooguri, Phys. Rev. D58, (1998) 106002, arXiv:hep-th/9805129. 

[51] A. Brandhuber, N. Itzhaki, J. Sonnenschein and S. Yankielowicz, JHEP 9807 (1998) 
020, arXiv:hep-th/9806158. 

[52] Y. Imamura, Prog. Theor. Phys. 100, (1998) 1263 , arXiv:hep-th/9806162. 

[53] Y. Imamura, Nucl. Phys. B537 (1999) 184, arXiv:hep-th/9807179. 

[54] C.G. . Callan, A. Guijosa and K.G. Savvidy, Nucl. Phys. B547 (1999) 127, 
arXiv : hep-th/9810092. 

[55] B. Janssen, Y. Lozano and D. Rodriguez-Gomez, JHEP 0611 (2006) 082, 
arXiv : hep-th/0606264. 



116 



